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Abstract 
 
The rapid depletion of fossil fuels has raised increasing attention worldwide, 
and initiated intensive research for sustainable alternatives for energy production. 
Among these, biodiesel from microalgae has appeared as one of the most promising 
candidate due to their ability to accumulate large amount of lipids. Indeed, microalgae 
can achieve a productivity up to 25 higher than other crop sources without need of 
cultivatable soil, therefore without competing with food production. In the meantime, 
microalgae have also shown promising results for the treatment of various kind of 
wastewaters. However, the cultivation of microalgae for energy production suffers from 
the large costs of harvesting and dewatering of biomass, prior to lipid extraction and 
biofuel production, which accounts for up to 50% of operating costs. Therefore, the 
search for cost-effective methods of harvesting and dewatering of microalgae biomass 
has become necessary to optimize their usage. This study investigates forward osmosis 
(FO) for the dewatering of microalgae biomass and its implementation within a 
photobioreactor used for wastewater treatment. FO is a cost-effective filtration process 
based on the differences of osmotic pressure across a semi-permeable membrane. The 
use of FO for microalgae dewatering is of high interest, given the high fouling ability 
of microalgae biomass and the low fouling promises of FO.  
First, the feasibility of using FO for microalgae dewatering was assessed, 
focusing on better understanding the fouling mechanisms involved. The filtration 
performances have been investigated under various operating parameters. It has been 
found that when Ca2+-containing draw solutions were used, microalgae responded to 
the back diffusion of calcium ions by an extensive excretion of carbohydrates, 
accelerating the formation of algal flocs, thus enhancing the rate and extent of flux 
decline and reducing the algae dewatering efficiency. However, most of the fouling was 
reversible by simple hydraulic flushing. In addition, substantial adsorption of algal 
biomass was observed on the feed spacer. Also, Scenedesmus obliquus and 
Chlamydomonas reinhardtii, with fructose and abundant glucose and mannose in its 
cell wall, showed strong response to the back diffusion of calcium ions which 
encouraged S. obliquus to produce more extracellular carbohydrates and formed a stable 
gel network between algal biomass and extracellular carbohydrates, leading to algae 
aggregation and severe loss in both water flux and algae biomass during FO dewatering 
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with Ca2+-containing draw solution. Among the species investigated, Chlorella vulgaris 
without fructose was the most suitable microalgae species to be dewatered by FO with 
a high algae recovery and negligible flux decline regardless of which draw solution was 
applied. These findings improve mechanical understanding of FO membrane fouling 
by microalgae; have significant implications for the algae species selection; and are 
critical for the development and optimization of FO dewatering processes.  
Finally, the implementation of FO dewatering with continuous microalgae biomass 
production and synthetic wastewater treatment was investigated. Two systems 
(External FO ; Immersed FO) have been studied and compared in order to provide 
insights on the advantages and disadvantages of each system. Constant parameters have 
been set identical for both systems: operation time; photobioreactor; hydraulic retention 
time; biomass production; FO permeate volume. The results reveals that the wastewater 
treatment efficiency (nutrients removal), as well as the production of biomass were 
greater with the immersed system due to a greater microalgae growth. However, these 
may not be sustainable in a long term operation of the immersed system. The external 
FO system was found better in terms of salinity build-up and FO dewatering 
performances. Overall, an external FO dewatering is recommended due to its better 
flexibility and sustainability. 
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PMMA Polymethyl methacrylate 
PRO  Pressure retarded osmosis 
PS  Photosystem 
PSf  Polysulfone 
PVP  Polyvinylpyrrolidone 
RNA  Ribonucleic acid 
RO  Reverse osmosis 
SEM  Scanned electron microscopy 
SMP  Soluble microbial product 
SRT  Solid retention time 
SWRO  Seawater reverse osmosis 
TDS  Total dissolved solids 
TEP  Transparent exopolymeric particles 
TFC  Thin film composite 
UF  Ultrafiltration 
UV  Ultraviolet 
VDW  Van der Waals forces. 
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Introduction 
 
The development of sustainable bio-energies has become a major concern since 
the early 20th century, and increasing attention is given towards novel methods and 
technologies able to cope with these problematics. In the meantime, the amount of 
wastewater produced by both municipalities and industries constantly increases, raising 
new issues in terms of treatment and disposal of these waters. Recently, microalgae 
processes emerged as a potential methods capable of assisting the resolution of these 
challenges. Microalgae are photosynthetic microorganisms living in both freshwaters 
and seawaters. Briefly, nutrients and inorganic carbon are captured by the cells and 
transformed into biomass from the energy generated by the absorption of photons. The 
recent interest of researchers and industries on microalgae mostly emerged from the 
dwindling petroleum resources and the need for alternative sustainable energies. 
Microalgae cells accumulates a significant amount of lipids which can be extracted and 
transformed for the production of biodiesel. The biodiesel surface productivity has been 
estimated from 10 to 25 times greater with microalgae than with palm oil, depending 
on the lipid concentration, reaching more than 70% of the dry biomass for certain 
species [1]. Microalgae have also shown a great potential for the production of other 
bioenergies such as biogas, biohydrogen, and bioethanol [2].  
Along with their potential as energy source, microalgae have been intensively 
studied as an efficient treatment for various types of municipal, agricultural, and 
industrial wastewaters [3]. Indeed, phosphorus and nitrogen sources can be totally 
removed for initial concentrations of respectively few dozen and few hundred 
milligrams per litre [4]. Heavy metals, greatly contributing to the pollution of 
ecosystems and the emergence of many diseases, are also removable by the microalgae 
through bio-fixation phenomena [5]. The adsorption capacity (mg/g of dried biomass) 
of microalgae varies from few dozen (Cu2+, Ni2+) to hundreds (Cd2+, Pb2+, Zn2+) with 
moderately low pH values, required for an efficient biosorption of heavy metals. A 
substantial inhibition of coliforms development has been observed in algal ponds, due 
to unfavourable environmental factors during the growth of microalgae, and a reduction 
of over 60% of both chemical and biological oxygen demand in the treatment of 
domestic wastewaters has been reported [3]. However, most of the research on 
wastewater treatment by microalgae is conducted at laboratory scale, thus lacking of 
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large scale plants investigations. Industrial applications may also face several issues 
due to the variation of water composition, the contamination by other microorganisms, 
and the sunshine variations in the case of a natural light supply.  
Due to their photosynthetic metabolism, microalgae have also shown an 
interesting potential for the reduction of carbon dioxide emissions. However, it has been 
estimated that 40% of the energy consumption needed for the algae cultivation is 
attributed to CO2 supply [6]. Therefore, research has been focused on the use of 
industrial flue gas as an alternative for inorganic carbon source. In this case, potential 
hurdles might come from the potential toxicity and the tolerance of microalgae in 
presence of  NOx and SOx, and the high temperature of flue gas [7]. Even in the most 
optimistic simulations, the CO2 bio-fixation rate of microalgae remains lower than its 
emissions during the transformation of the biomass into biodiesel, mostly due to the 
energy consumption for the harvesting and concentration of biomass [8]. 
The economic viability of microalgae for energy production mostly suffers from 
the high cost of biomass harvesting and dewatering. Operating cost of microalgae 
harvesting has been estimated up to 50% of the total operating costs [9], and the cost of 
the equipment dedicated to harvesting estimated to 90% in open systems [10]. Various 
harvesting techniques have been studied. Among these, centrifugation remains the most 
efficient and rapid technique, thus being widely used in industry. However, this method 
is extremely energy intensive, principally suiting for the production of high value 
compounds [11]. Sedimentation methods are very interesting as an efficient low-cost 
microalgae harvesting method, suitable for biofuel production as a preliminary 
concentration step [12]. Microalgae sedimentation can also be improved by flocculation 
methods by addition of chitosan, magnesium and calcium, bacteria and fungi, or 
magnetic particles [13]. Flotation, has been found to be faster than sedimentation for 
the harvesting of small unicellular microalgae. However, due to its high operational and 
investment costs, flotation is not economically and technically interesting for biofuel 
production from microalgae [14]. Membrane filtration methods, mostly micro and 
nano-filtration, are also used and studied but suffers from fouling issues and high 
maintenance costs [12]. 
In parallel, forward osmosis (FO) also gained a significant interest in both 
research and industry. This recent membrane filtration process is based on the driving 
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force obtained from the difference of osmotic pressure across a semi-permeable 
asymmetric membrane. In this process, pure water from the lower concentrated side 
(feed), crosses the membrane to dilute the more concentrated draw solution in order to 
reach an equilibrium state. FO membranes are usually composed of a dense active layer 
allowing solute rejection, and a support layer providing mechanical strength. Osmotic 
processes have been first studied for power generation [15]. The separation of 
freshwater (feed) and saltwater (draw) by an FO membrane can generate electricity 
from the subsequent increase of hydraulic pressure in the draw side [16]. In the last 
decade, FO process has been widely studied for seawater desalination and wastewater 
reclamation. In most cases, a highly concentrated draw solution, with high osmotic 
potential solute, is used to withdraw pure water from seawater, the draw solution being 
generally easily recoverable by other techniques such as column and membrane 
distillations [17]. Several applications introduces forward osmosis for wastewater 
treatment in membrane bioreactors (MBRs) [18]. Recently, FO process has been 
proposed as a combined system for both wastewater treatment and costs reduction in 
seawater desalination. The purpose is to dilute seawater with pure water withdrawn 
from wastewater, prior to a desalination step by reverse osmosis (RO). In this case, the 
energy cost of the RO step, related to the high hydraulic pressure applied, is reduced 
from the dilution of the seawater [19]. Other applications of forward osmosis includes 
liquid food concentration and controlled release of drugs in pharmaceutical industry. 
In all membrane process, fouling remains one on the greatest cause of the 
decrease of performances over time, its impact generally increasing with the applied 
pressure. The forward osmosis process has the advantage to operate without additional 
hydraulic pressure, thus reducing the impact of membrane fouling. However, different 
materials are notwithstanding involved in FO membrane fouling deposition at different 
stages and with different impacts. Organic fouling, associated to inter-molecular 
adhesion and hydrodynamic conditions, can increase the negative charge property and 
hydrophilicity of the membrane, and increases the absorption capacity for hydrophilic 
compounds organic fouling [20]. It also has important effects on the removal of 
inorganic contaminants [21]. A high concentration of organic material also induces a 
more severe concentration polarization (CP) and cake enhanced osmotic pressure 
(CEOP) effects on the active layer [22]. However, the cake layer formed on the active 
layer by organic material is almost fully reversible by physical cleaning [23]. Colloidal 
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fouling is accentuated by the foulant concentration and the reverse solute diffusion, 
which also influence its reversibility [24, 25]. Scaling is one of the most dominant 
inorganic fouling. It has been found to be strongly influenced by the temperature [26], 
and could induce a stronger organic fouling [27]. Humic acid [28], natural organic 
matter (NOM) and transparent exopolymeric particles (TEP) [29] have also been 
identified as foulant materials in FO processes.  
FO has been recently proposed as a new cost-effective method for the dewatering 
of microalgal biomass. The National Aeronautics and Space Administration (NASA) 
first proposed an FO process, called Offshore Membrane Enclosure for Growing Algae 
(OMEGA), for dewatering miroalgal biomass, grown in wastewater inside 
photobioreactors immersed into the ocean, as an alternative for the production of 
aviation fuels [30]. FO membranes immersed into the ocean has also been studied for a 
partial dewatering of microalgae, reaching an average water flux of 2 l.m-2.h-1 (LMH) 
and obtaining a final biomass concentrated by 6.5. A significant biofouling was 
observed, without affecting the flux [31]. Physical and chemical parameters affecting 
membrane fouling have been investigated. Fouling, found much more severe when the 
membrane support layer was facing the microalgae solution, was accentuated in 
presence of MgCl2 due to interactions between divalent ions and the algal biomass [32]. 
It has been demonstrated that a critical flux phenomenon, beyond which the water flux 
is kept stable and above which the water flux decrease dramatically because of the 
fouling deposition, appears in the filtration of microalgae strains by FO [33]. However, 
the fouling is mostly reversible for both membrane orientation with a cross flow 
flushing step, mostly if the concentration of Mg2+ ions is low.  
The investigation of FO process for microalgal biomass concentration with 
seawater has only started recently and a consequent gap of knowledge on fouling 
mechanisms related to the ionic composition of seawater and influence of microalgae 
specie remains. In the meantime, research still lack of combined systems for an optimal 
use of microalgae potential and the production of concentrated valuable biomass. 
Membrane photobioreactors (MPBRs) have been investigated as coupled systems for 
the production of pre-concentrated microalgal biomass. The treatment of wastewater in 
MPBRs was reported as efficient but suffered from the accumulation of metal ions, 
negatively affecting the microalgae cells and the long term efficiency [34]. The 
significance of solid retention time (SRT) and hydraulic retention time (HRT) has been 
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highlighted as a major parameter in the development of MPBRs for sewage treatment 
and carbon dioxide capture [35]. MPBRs have also been studied as a method for feed 
recycling, allowing an increase of microalgae growth rate and a reduction of nutrient 
supply [36]. Overall, further research is needed for the combination of wastewater 
treatment and bioenergy production from microalgae to reach its full potential.  
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Objectives 
 
The general aim of this project is to develop a novel membrane bioreactor 
incorporating microalgae for wastewater treatment and the production of concentrated 
microalgae biomass through the utilization of forward osmosis (FO) technique. The use 
of forward osmosis for microalgae dewatering is very recent and lots remain unknown 
concerning the different phenomena taking place during the filtration. Therefore, the 
first aim of this project is to proves the feasibility and assess the performances of FO 
for pre-concentration of microalgal biomass. To achieve this, gaining a deeper 
understanding of fouling mechanisms involved is key to select the various operating 
parameters and achieve the best filtration performances.  
The first objective of this project is the determination of the best available 
commercial FO membrane for the dewatering of microalgae biomass. The 
determination of membranes characteristics is essential to better understand the 
phenomena happening during the filtration of microalgal biomass. This investigation 
will lead to the choice of a FO membrane to be used further in this study. 
Then, experiments will be conducted to determine the combination of operating 
parameters that better optimize the use of FO for microalgae dewatering. This study 
will investigate the effect of membrane type and orientation, draw solution chemistry, 
and microalgae species, in order to gain a deeper understanding of fouling mechanisms 
during the dewatering of microalgae biomass by forward osmosis. 
Finally, the FO membrane process will be integrated with the photobioreactor for 
the continuous wastewater treatment and production of concentrated algal biomass 
(Figure 1.1). Two integrated systems, external and immersed, will be investigated and 
compared to demonstrate the most efficient method of FO integration with a 
photobioreactor. This work will greatly contribute to the extension of knowledge in 
both forward osmosis, and microalgae dewatering fields. 
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Figure 1.1 – Schematics of a combined membrane bioreactor used for wastewater 
treatment, carbon dioxide capture, and concentrated biomass production through 
forward osmosis filtration used with ocean water or brine from desalination plant.  
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1. Literature Review 
1.1. Microalgae 
1.1.1. Overview 
Microalgae are unicellular microorganism, with a size varying from a few to a 
hundred of micrometres (Figure 1.2). From a taxonomic point of view, microalgae 
belong to different families, with their own characteristics, but have common features 
within their ultrastructure and their metabolism. Photosynthetic microorganisms are 
divided into three categories: photosynthetic bacteria, algae, and terrestrial plants. The 
term algae gathers chlorophyllic species living essentially in water and that are not 
embryophytes, such as Rhodobiontes (red algae), Chlorobiontes, Stramenopiles (brown 
algae), and Haptophytes. A microalgae is a unicellular photosynthetic microorganism 
containing a plasma membrane containing within its cytoplasm various organelles 
necessary for its metabolism: chloroplasts, amyloplasts, oleoplasts, mitochondria, and 
an envelope containing the nucleus. These microorganisms belong to two groups: 
eukaryotes and prokaryotes. Eukaryotes microalgae have a conventional plant cell 
structure compartmentalized, with or without cellulosic wall, and photosynthetic 
pigments contained within the plasts. Prokaryotes microalgae, also known as 
cyanobacteria, have a classical bacterial structure without compartments, the 
photosynthetic pigments being contained aithin the lamellar membrane. Microalgae 
colonizes the medium by dividing through mitosis, fast and actively if the 
physicochemical and nutritive conditions are favourable. Microalgae are present in all 
existing earth ecosystems, not just aquatic but also terrestrial, representing a big variety 
of species living in a wide range of environmental conditions. It is estimated that more 
than 50,000 species exist, but only a limited number, of around 30,000, have been 
studied and analysed [16]. 
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Figure 1.2 - Diversity of microalgae species: a) Scenedesmus quadricauda ; b) Pedisatrum 
boryanum ; c) Cyclotella bodanica ; d) Scenedesmus dimorphus , e) Cosmarium 
quadrifarium , f) Chlorella vulgaris ; g) Centric diatom ; h) Pinnate diatom ; i) Scenedesmus 
obliquus ; j) Oedogonium ; k) Nageliella , l) Cosmarium depressum [37]. 
 
1.1.2. Photosynthesis 
The light constitutes the initial energy supply, allowing the assimilation of carbon 
and other essential elements by chlorophyllians livings through photosynthesis, 
synthesizing organic matter from light (Figure 1.3). Photosynthesis takes place within 
the chloroplasts of chlorophyllian tissues such as the mesophylle. It starts with a 
photochemical phase in which a strong reducer (NADPH) and ATP (adenosine 
triphosphate) are elaborated. The light energy, absorbed by the photosystems (PSI and 
PSII), ensure the transfer of electrons supplied by water. Then, the chemical part 
includes a carboxylation, catalysed by the RuBisCO, consisting in the reduction of the 
CO2 using the ATP and NADPH previously produced. Microalgae contain various 
essential pigments such as chlorophyll, consisting in a metalloprotein with a long 
hydrophobic chain allowing a great solubility within the nonpolar medium of the 
membrane. The role of the chlorophyll is to absorb the energy from the light and convert 
it into chemical energy (ATP, NADPH, H+). Microalgae also contain high 
concentration of lutein (carotenoid pigment). Photochemical reactions and 
photosynthesis allows the reduction of CO2 and the formation of carbohydrates through 
the Calvin-Benson cycle.  
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Figure 1.3 - Metabolic pathways in microalgae related to biofuel production. The integration 
of metabolic pathways is coordinated through complex mechanisms that regulate 
photosynthetic output for the synthesis of proteins, nucleic acids, carbohydrates, lipids, and 
H2 [38]. 
1.1.3. Growth Parameters 
1.1.3.1. Nitrogen 
Nitrogen is, after carbon, the major element composing biological cells. Its 
quantity varies depending on the species and the composition of the surrounding 
medium, but correspond in average to 7% of the cells dry matter [39, 40]. Lourenço et 
al. (2004), showed that nitrogen is principally used for the synthesis of proteins in 
Chlorella minutissima [41]. However, it is also found under inorganic form (NH4
+, 
NO2
-, NO3
-) within nucleic acids (DNA and RNA), and in lower amount in chlorophyll. 
Several studies have investigated the effect of nitrogen concentration in the growth 
medium. An increase of nitrogen have been found to induces an increase of biomass 
content, and proteins and chlorophyll within the cells for Chlorella vulgaris [42-45], 
and Chlorella ellipsoidea [46]. However, when the nitrogen concentration becomes 
higher than 0.5 g/L (NO3), the adverse effect is observed [42-44]. Also, for C. 
sorokiniana, Oocystis polymorpha, and C. ellipsoidea, it has been demonstrated that a 
nitrogen limitation stimulates the lipid production [47, 48]. However, the decrease of 
nitrogen in the growth medium leads to a decrease of the cells photosynthetic 
metabolism [47, 49, 50]. This effect is due to (1) a decrease of the concentration of 
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RuBisCO proteins [51, 52], and (2) a reduction of chlorophyll content within each cell 
[47]. This decrease of photosynthetic activity reduces the cells ability to transform the 
energy from the photons into carbonated products, which subsequently makes the 
microalgae more subject to photo inhibition phenomenon [53, 54]. Indeed, 50% of 
intracellular carbon is coupled with nitrogen metabolism, which highlights the close 
link between nitrogen and photosynthesis [55]. The assimilation of nitrogen is also 
associated with glutamate synthesis during the production of proteins. Using a 
radioactive tracker (14C), it has been demonstrated that this reaction mobilizes 
intermediaries of the Krebs cycle. Therefore, the cell needs pyruvate to drive the Krebs 
cycle, which is synthesized from glucose, produced by photosynthetic activity [56].  If 
the cells are deprived of nitrogen, they accumulate more glucids which is preferentially 
directed to the synthesis of starch, instead of providing carbonated precursors 
necessaries for the synthesis of amino acids, basic element of proteins. These glucids 
stocks will therefore be used to synthesize amino acids [56]. 
 
1.1.3.2. Phosphorus 
Phosphorus is involved in the synthesis of nucleic acids and phospholipids 
(components of the cell walls), and in the constitution of ATP and NADPH, involved 
in the energetic metabolism [57-59]. Therefore, it is involved in numerous metabolic 
processes within the cells [48]. For example, it is involved in metabolic pathways 
regulating the cells division, which will have a direct impact on biomass production. It 
is also necessary within the cells to satisfy the energetic needs and organelles 
biosynthesis [57]. A phosphorus limitation leads to a reduction of biomass, chlorophyll 
content, polysaccharides and proteins aithin the cells [60-62]. It also decreases the 
fixation of carbon [63], by decreasing the synthesis of RuBisCO [64], or by affecting 
the intermediaries of the pentose phosphate pathways [57]. A phosphorus limitation 
will also affect the photosynthetic apparatus by reducing the transport of electrons at 
the PSII site [60, 65], and denature the polypeptides of the photosynthetic apparatus, 
regulating the absorption of light [57]. It has been demonstrated that in some microalgae, 
a limitation of phosphorus in the medium induces the synthesis of phosphatase, an 
extracellular enzyme capable of splitting phosphorylated molecules on organic 
compounds present in the medium, allowing the cell to compensate this lack of 
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phosphorus [57, 66, 67]. It has been demonstrated, with Chlorella vulgaris, that the 
cells lacking of phosphorus increased the production of glycolate through 
photorespiration mechanism, allowing the dissipation of the excess of energy, thus 
preventing damages of the cells [63]. However, these regulation mechanisms in case of 
phosphorus shortage remain poorly known [57]. Several studies, within 
photoplanktonic communities, have demonstrated the existence of a co-limitation on 
growth by phosphorus and nitrogen. Davey et al. (2008) have shown that in tropical 
and subtropical waters of northern Atlantic, an increase of chlorophyll intervenes after 
addition of both phosphorus and nitrogen [58]. Same pattern is observed with 
Skeletonema costatum, for which the fixation of carbon was stable after addition of 
nitrogen, but increased after coupled addition of phosphorus and nitrogen [68]. 
Nevertheless, the mechanisms linking nitrogen and phosphorus remain unclear [59]. 
 
 
1.1.3.3. Microelements 
Microelements designates to elements presents in the medium in very small 
amount, and their concentration varies greatly in the environment. In laboratory, 
microelements limitation is rarely encountered because growth mediums are adapted to 
prevent the lack of these elements. Changes in microelements concentration can have 
impacts on the microalgae cells. With Isochrysis galbana, an iron deprivation leads to 
a decrease of cells density, size, chlorophyll content, intracellular proteins and 
polysaccharides, a decrease of anhydrase carbonic activity, and a decrease of other 
nutrients assimilation such as nitrogen, phosphorus, and carbon [69]. The anhydrase 
carbonic is a metalloenzyme containing zinc. Therefore, a decrease of its activity 
generated by a zinc deprivation can affect the whole carbon metabolism of the cell and 
then, the production of intracellular metabolites. Microelements limitations often affect 
the functioning of the photosynthetic apparatus. For example, an insufficient 
concentration of sulphur reduces the electron flux in the photosynthetic apparatus [70], 
and a decrease of iron concentration induces a reduction of the constituents of the 
photosynthetic apparatus (PSI, PSII, cytochromes) because these contain numerous 
iron-based co-factors [71]. Copper is also present in various enzymes of the 
photosynthetic apparatus. Therefore, its limitation also affects the photosynthetic 
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metabolism [70, 72]. Other intracellular processes can be affected, such as nitrogen 
metabolism which is diminished in case of molybdenum deprivation [73]. An increase 
of these elements will generally have a positive impact on the cells, which is the case 
for magnesium and iron inducing an increase of cells concentration when these are 
already at high concentration in the medium [39, 44, 71]. However, this positive impact 
occurs up to a certain level, after which these compounds become toxic for the cell. For 
example, an excessive concentration of iron can damage the biological membranes, the 
proteins, or the DNA [74]. Also, an excess of zinc block the growth of microalgae [62, 
69]. To face these variations of concentration in the medium, microalgae have 
demonstrated various physiological adaptive ways. For example, Chlorella vulgaris 
produces a hormone, the brassinolide, which helps the cells to counter the cytotoxic 
effects of high concentration of heavy metals (>10-6 mol/L) [75]. The photosynthetic 
apparatus can also adapt in response of microelements deprivation. An example is iron 
deprivation, for which the photosynthetic antenna reorganize to adapt to physiological 
changes an limit cells damages due to the light, while optimizing the photosynthetic 
activity [76, 77]. 
 
1.1.3.4. Light 
In the vegetable kingdom, light controls the carbon fluxes and the production of 
energy within the cells, through photosynthetic process. It determines the yield of 
nutrients consumption for photoautotrophic organisms [78]. Therefore, light is a key 
parameter to consider for the growth of microalgae and the design of photobioreactors 
[79, 80]. Both limitation and excess of light will have consequences on the cells 
metabolism and growth. When the cell receives more light than it can absorbs through 
the synthesis of ATP and carbon assimilation, the photosynthesis is inhibited and the 
growth greatly declines [81, 82]. This phenomenon is called photo-inhibition, during 
which the photosystem II (PSII) is excessively excited and is inactivated. An 
accumulation of electrons occurs between the two photosystems (PSI and PSII), leading 
to irreversible damages within the cell [83]. In order to counter balance these photo-
inhibition phenomena, the cell activates photo-protection mechanisms which will 
relieve the PSII and allows the photosynthetic apparatus to recover its optimal 
functioning. The first of these mechanism is the elimination of excess energy as heat 
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through specific pigments called carotenoids [83-85]. Inactivation of the PSII car also 
be a photo-protection mechanism, which will results in photo-acclimation of the cell. 
The cell will enhance its photosynthetic activity through the increase of RuBisCO and 
ATPase activity. In some cases, photo-inhibition will also lead to synthesis of other 
intracellular compounds such as astaxanthin (Haematococcus pluvialis), a highly 
sought compound in food industry [86]. All these responses allows the cells to enhance 
its metabolic yield and prevent further damages. Other environmental parameters can 
also influence the photo-inhibition phenomenon. When the diatom Phaeodactylum 
tricornutum is subject to a CO2 concentration of 0.1%, its growth, inorganic carbon 
fixation, and photosynthetic production are enhanced, however it also becomes more 
prone to photo-inhibition, which does not occur when cultivated with 0.038% CO2 [87]. 
However, an increase of light intensity can stimulate the metabolism, if remaining 
within the acceptance range of the microalgae. Therefore, a high light intensity will 
increase the biomass, carbon consumption, and ratio of intracellular elements C:N, C:P, 
and N:P [78, 81, 88-90]. However, the cells response to these phenomena will depend 
on the physiological condition of the cells [83]. For example, no increase of specific 
growth rate was observed when increasing the light intensity from 122 to 336 μmol.m-
2.s-1 with Prymnesium parvum [91]. Similarly, another limiting nutrient in the growth 
medium can affect the adaptability of the microalgae. With Ulva rotundata, a nitrogen 
shortage will reduce the photo-acclimation at high light intensities and leads to 
intracellular damages [92].Yun and Park (1997) demonstrated that the increase of light 
intensity allowed an enhancement of the growth specific rate, photosynthetic activity, 
carbon fixation, but the cells concentration was not modified and depended on the 
amount of nitrates in the medium [93]. Modifications within the metabolism can also 
be an adaptive response in case of light deprivation. For example, such stress will lead 
to a modification of the photosynthetic apparatus in order to optimally use the available 
light through an increase of chlorophyll and PSII/PSI ratio [78, 83, 94, 95]. The cell 
will also increase the synthesis of polysaturated lipids in the thylakoids membrane and 
the concentration of intracellular antioxidants, however the cells concentration and the 
specific growth rate will decrease [78, 94]. The light intensity is not the only parameter 
affecting the microalgae. Indeed, the illumination time also impacts the biomass 
production. Studies on day/night cycles showed that the photosynthetic activity and 
CO2 fixation were more important when the day duration was greater [96, 97]. It is also 
possible to enhance the photosynthetic activity by using specific wavelengths of the 
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light spectrum. Vesk and Jeffrey (1977) showed that an addition of blue light increased 
the concentration of chlorophyll a of some diatoms species but not on the 
dinoflagellates considered [98]. In comparison with white light, no modification of 
growth parameters was observed when Skeletonema costatum was cultivated under blue 
light [99]. On the other side, when Spirulina platensis is exposed to red light, the 
specific growth rate and biomass production are enhanced [100]. Therefore, the 
efficiency of a photobioreactor is directly linked to the light penetration in the culture. 
Indeed, an optimal light intensity exists for each concentration of biomass, and an 
increase of the ratio illuminated surface/volume is necessary to enhance the 
productivity of a photobioreactor [79, 97, 101, 102]. Qiang et al. (1998) increase the 
growth rate of Spirulina platensis by 20% when decreasing the culture thickness from 
200 mm to 7.5 mm [101]. 
 
1.1.3.5. Carbon Dioxide 
As explained previously, two different mechanisms allows the microalgae to 
absorb and metabolize inorganic carbon, through CO2 and through HCO3
-. Therefore 
the addition of CO2 during the growth will have a different impact depending on the 
preferential inorganic carbon metabolism of the microalgae, and depending on the 
presence or the absence of a CCM within the cell [103]. Indeed, a specie for which the 
inorganic carbon assimilation is mostly or essentially done by the diffusion of CO2 
through its cell wall will be promoted by an increase of dissolved CO2. On the other 
hand, a specie that favours assimilation of inorganic carbon through the CCM and 
therefore HCO3
-, will be affected by the addition of CO2 due to the decrease of pH 
which will also decrease the quantity of HCO3
-. For example, the expression of the 
genes controlling the CCM with Chlamydomonas reinhardtii is deleted when grown at 
high CO2 concentrations [103]. On the other hand, when these species are transposed 
from high to low CO2 concentration in their environment, the activity of the CCM 
therefore the photosynthetic activity, increases [104, 105]. This activity can increase by 
a factor of 10 with Chlamydomonas reinhardtii [105]. Although most of the microalgae 
and cyanobacteria are able to grow at high CO2 concentrations, it has long time been 
believed that they couldn’t grow at concentrations over 30% [105]. When a high 
concentration of CO2 is dissolved in the medium, the pH of this medium and the 
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intracellular pH decrease. However, a decrease of the pH in the stroma of the 
chloroplasts leads to an inactivation of the RuBisCO and therefore affects the CO2 
fixation. However, studies highlighted the existence of species resisting to high CO2 
concentrations. Chlorella sp. and Scenedesmus obliquus have been cultivated at CO2 
concentrations from 30 to 50% [106-109], and Chlorecoccum littorale resisted to 40% 
of CO2 [110, 111]. Also, the species Cyanidium caldarium, Cyanidioschyzon merollae 
and Galdieria partite are able to live at 100% of CO2 [105]. Investigations have been 
realized to better understand this extreme resistance of the cells to high CO2 
concentrations. When C. littorale is transposed from low to very high CO2 
concentration, at first its photosynthetic activity is reduced which results in a reduction 
of the CO2 fixation, a drop of O2 production, and a reduction of the PSII efficiency 
[111-113]. Meanwhile, the cyclic transfer of electrons of the PSI is greatly increased. 
This leads to the synthesis of supplementary ATP. These ATP molecules will drive the 
implementation of ATP-dependent proton pumps which will help maintaining a neutral 
pH within the cell, more precisely at the RuBisCO compartment which will keep its 
CO2 fixation activity [114]. CO2 is provided to the culture through gaseous injection, 
usually a mixture of air and CO2. The dissolution and transfer of CO2 determines its 
availability in the culture. This method can also provide an efficient mixing of the 
culture, substituting mechanical mixing and allowing the homogenization of the 
concentration of cells and nutrients, and limiting the photo-inhibition and shadowing 
effects. However, an excessive mixing can also lead to a damaging of the cells [115, 
116]. The transfer gas-liquid depends on several parameters: kLa, hydraulic retention 
time, gas retention time, gas holdup [115]. The holdup represents the bubbles volume 
which depends on the shape and size of the reactor, the temperature, the gas pressure, 
and the way the gas is introduced in the reactor [117]. Therefore, controlling the gas 
transfer is the reactor is a key factor for microalgae cultivation. Several studies have 
been done to assess the role of gas transfer on the microalgae biomass production. 
Contreras et al. (1998) highlighted the interaction of the CO2 transfer and the cells 
density in a culture of Phaeodactylum tricornutum [116]. For a low cells density, the 
CO2 consumption was inferior to the CO2 transfer. The authors concluded that the CO2 
concentration was not the limiting factor but the CO2 gradient inside the reactor was 
affecting its consumption by the microalgae. On the contrary, when the cells density 
was increasing, the CO2 consumption was higher than the CO2 transfer, thus becoming 
the limiting factor. Also, the optimal growth rate in this study was reached for a gas 
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speed of 0.055 m/s. However, beyond this speed, the growth was dramatically 
decreasing due to an excessive holdup. Soletto et al. (2008) also highlighted the 
relationship between gas flow rate and the growth of Spirulina platensis [89]. When the 
CO2 flow rate was increased from 0.74 to 1.03 g/L/d, the microalgae growth and CO2 
fixation were reduced. The authors explain these results by both an excess of CO2 and 
an increase of salinity due to the high amount of NaOH added to compensate the 
decrease of pH.  
 
1.1.3.6. pH 
pH is a key parameter during the growth of microalgae. An optimal pH exist for 
each microalgae specie, which will react in different ways to changes of pH depending 
on its physiology [118-120]. An equilibrium exists between intracellular and 
extracellular pH and numerous metabolic processes depends on the pH, such as the 
enzymatic activity [121]. Indeed, these protonation and deprotonation mechanisms 
activates the fixation sites for their substrate. The modification of internal pH will then 
lead to a modification of enzymatic activities. When the extracellular pH is modified, 
le pH gradient between the cell and the medium will chance and a new equilibrium will 
lead to the modification of the intracellular pH. The ability of the cell to follow these 
variations will depends on its ability to modify its physiology. For example, when the 
extracellular pH decreases, the quantity of extracellular H+ ions increases and the cells 
will adapt their ATP production [120]. Also, pH variations also affects the cells through 
its impact on the assimilation of inorganic carbon [122]. Bartual and Galvez (2002) 
demonstrated that the association of a basic pH (from 7.9 to 9.5) and a light limitation 
(saturation with 150 μmol.m-2.s-1, and limitation with 30 μmol.m-2.s-1) generates a stress 
with Phaeodactylum tricornutum [121]. In light saturation conditions and a very basic 
pH, the specific growth rate was not modified. However, a pH higher than 8.5 
associated with a light limitation greatly reduced the specific growth rate, which was 
also associated with an increase of the intracellular ratio C:N, and a decrease of 
intracellular nitrogen. The authors supposed that these results reflected an energy 
competition between carbon and nitrogen metabolisms. Indeed, with this specie, 
nitrates and HCO3
- transport is activated, and when the cell is subject to a light 
limitation the quantity of ATP and NADPH available for these mechanisms greatly 
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decreases. In case of a high pH and a light limitation, assimilation of organic carbon 
was maintained at the expense of nitrates transport. 
 
1.1.3.7. Temperature 
The cells response to different temperatures varies among the microalgae species 
[96]. For example, the specific growth rate of Nannochloropsis oculata is optimal at 
20°C, whereas the optimal temperature for Scenedesmus almeriensis is 35°C [123, 124]. 
The cells content can also vary with the temperature. Indeed, the quantity of unsaturated 
fatty acids increases when the temperature decreases for Botryococcus braunii, 
Phaeodactylum tricornutum, Chlorella vulgaris, and Spirulina platensis [125, 126]. 
With Scenedesmus almeriensis, the quantity of lutein increases with the temperature 
[124]. At temperatures lower than 5°C, Dunaliella salina and Chlorella vulgaris shows 
a reduction of CO2 assimilation, photosynthetic capacity, synthesis of chlorophyll, and 
increase of xanthophylles [127]. With Spirulina platensis, the temperature affects the 
ultrastructure, the morphology, and the photosynthetic activity of the cells. A 
correlation between light radiations and temperature has also been found [128]. Indeed, 
UV-Rs damage the double helix of the DNA, which effect is enhanced at 15°C 
temperatures. DNA repairing mechanisms seems to be more efficient at 30°C, through 
metabolism modifications similar to those observed to counterbalance photo-inhibition. 
In addition, temperature variations affects the assimilation of inorganic carbon, in both 
direct and indirect ways. In an indirect way due to the lower CO2 dissolution in water 
at high temperature, and in a direct way because an increase of temperature reduces the 
affinity of the RuBisCO with CO2 [129]. 
 
1.1.4. Microalgae Culture 
Microalgae are grown in biological reactors referred as photobioreactors (PBRs) 
(Figure 1.4). Two different production modes exists for microalgae cultivation in PBRs. 
First, the production of microalgae biomass in large scale is conducted in raceways 
operated in batch mode [130]. These are constituted of closed ponds of a few dozens of 
centimetres deep, circulars and forming successive loops. Raceways are equipped with 
paddle wheels used to prevent a settling of the microalgae and to reduce shading effects 
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by providing a mixing of the culture [14, 131]. Raceways requires a low investment and 
workforce, therefore this method is widely used for high volumes production [132]. 
Even though raceways are widely used worldwide, these also have disadvantages. 
Indeed, growth parameters such as temperature or light weather dependent, and 
therefore very difficult to control [133-135]. Also, these system are prone to 
contamination by local species such as bacteria which will grow at the expense of the 
cultivated microalgae. Carbon dioxide is usually provided to the culture directly from 
the air, however CO2 adsorption can be improved through the addition of aerators or 
bubbling systems [14]. Improving the mixing may also improve the CO2 and light 
transfer, therefore enhancing the productivity of raceways [14]. Using raceway ponds 
seems to be the more viable for microalgae production due to a very low energy ratio 
in comparison with closed cultivation systems [136]. However, considering the 
application of biofuel production, it appears that cultivation should be carried in 
continuous mode [137]. Continuous growth is more easily carried out using closed 
systems, more expensive but allowing a greater control of microalgae growth conditions 
and therefore able to achieve much higher productivities [14, 138]. Therefore, these are 
usually operated for the production of high value compounds. Common design of 
photobioreactor includes column, tubular, vertical, annular, or flat panel configurations, 
which optimizes the light supply through the culture [14, 134, 138]. Photobioreactors 
are usually mixed either mechanically or by airlift, combining simultaneous stirring and 
aeration [138]. Tubular reactors have large surface area, and are widely used in outdoor 
culturing for the production of high value compounds such as astaxanthin [131]. Flat 
panels have an even greater surface area and therefore can achieve a higher productivity 
than tubular or air lift reactors, however these require higher operation and installation 
costs [14, 131]. Closed photobioreactors allows the cultivation of a wide range of 
microalgae species and can sustain very high biomass concentrations [139, 140]. 
Despites the great advantages of closed systems, these shows limitations such as 
operating costs or the difficulty to scale up. 
 
CHAPTER 1 – Literature Review 
 
37 
 
  
Figure 1.4 – Examples of industrial microalgae cultivation systems [141, 142]. 
 
1.1.5. Applications 
1.1.5.1. Wastewater Treatment 
Microalgae can be used for the tertiary and quaternary treatment of wastewater, 
consisting in the removal of all organic ions (ammonia, nitrate and phosphate) [43, 143], 
heavy metals [144], and various toxic organic compounds [145]. Microalgae also 
produces oxygen and therefore can serve as disinfectant for the removal of coliform 
bacteria due to the elevation of pH in the medium through photosynthesis [146]. A 
growing interest on microalgae use for wastewater treatment is observed worldwide due 
to a better comprehension of the biology of the microalgae and improvements in the 
design of cultivation systems [147-149]. Based on numerous studies, microalgae, 
diatoms, and flagellates have been listed depending on their tolerance to organic 
pollutants, highlighting the eight most interesting species (Chlamydomonas, 
Scenedesmus, Chlorella, Euglena, Oscillatoria, Nitzschia, Stigeoclonium, and Navicula) 
[150]. Concentrated microalgae cultures have been investigated to reduce the land-
space requirements, with a great reported efficiency in the fast removal of nitrogen and 
phosphorus [151]. A wide range of wastewaters such as piggery effluent, industrial 
wastes, agricultural wastes, or human sewage, have also been treated efficiently by 
microalgae cultures [152-155]. Microalgae have been proved to adequately fit the 
requirements of tertiary and quaternary treatment processes, but have also been 
proposed for secondary treatment [156]. 
 
  
CHAPTER 1 – Literature Review 
 
38 
 
1.1.5.2. Biofuel Production 
First and second generation of biofuel refers to bioenergies recovered from 
biological feedstocks such as wheat, corn, palm, sunflower, or soybean, transformed 
into biodiesel, bioethanol, or biomethanol [157-159]. However, these feedstocks 
requires large cultivation areas, therefore competing with agricultural lands used for 
food production [160, 161]. Microalgae are considered as the third generation of biofuel 
source, which efficiency outperforms first and second biofuel generation in terms of 
land requirements and productivity [162, 163]. Microalgae can be used in two different 
ways for the production of biofuel. The biomass can be transformed either through 
biochemical (transestherificaton, fermentation) or thermal processes (pyrolysis, 
liquefaction, gasification, and hydrogenation). Biodiesel production has been widely 
investigated by many research groups [164-166]. Transestherification is used for the 
production of biodiesel from the lipids accumulated by the microalgae cells. Indeed, 
various microalgae species produces and store large amount of lipids, reaching over 60% 
of their dry weight for species such as B. braunii, C. emersonii, D. tertiolecta, 
Nannochloropsis sp., N. oleoabundans, or P. cruentum [133, 167-172]. In this process, 
blended methanol and catalysts reacts with the triglycerides from the lipids. The 
conversion yield of into biodiesel production can reach over 90% under strict 
temperature conditions [1, 173]. The fermentation of starch, sugar, and cellulose from 
the microalgae biomass can be applied for the production of bioethanol. Indeed, the 
carbohydrate content of microalgae can reach up to 70% of the dry mass, with a starch 
content reaching up to 60% [174]. The starch content can be increased by a strict control 
of nitrogen and iron supply to the culture [44, 175]. The biomass can also be 
transformed into bio oil or methane through pyrolysis at temperatures ranging from 200 
to 750 °C. Pyrolysis rate of over 85% have been achieved at temperatures between 300 
to 600 °C [176]. Bio oil can also be produced by liquefaction, in which the biomass is 
subjected to high temperature (over 200 °C) and high pressure (over 20 bar) in presence 
of a catalyst. Conversion yields range from 9 to 72% with the liquefaction process [177-
179]. Finally, microalgae biomass can be converted into combustible gas (H2, CH4) 
through gasification. During the gasification, carbonated compounds of the biomass 
react with oxygen-containing gas at high temperature (200-700 °C). 
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1.1.5.3. Carbon Dioxide Capture 
As the release of carbon dioxide in the environment due to human activities 
became one of the major causes of climate change, researchers have focused their 
attention towards solutions for its sequestration. Ecological development and artificial 
capture methods have helped reducing, capture, and store the carbon and release the 
oxygen. Various physicochemical techniques CO2 capture techniques have been 
developed and are now widely employed for CO2 mitigation [180, 181]. However, these 
techniques are usually expensive and requires a high amount of energy [182, 183]. 
Alternative mitigation methods have been investigated and microalgae have gained 
increasing attention for CO2 capture due to their high carbon reduction capacity and 
fast growth [110, 184-187]. Most of the research on the ability of microalgae for CO2 
capture has focused on cultivation in artificial mediums [110, 188-190]. However the 
literature strongly lacks of real-case studies using natural growth environments. Various 
microalgae strains such as Chlorella kessleri, Chlorocuccum littorale, or Chlorella 
vulgaris, have been investigated for carbon dioxide mitigation [191-193]. Scenedesmus 
sp. also appeared to be one of the most promising microalgae specie for the mitigation 
of large amounts of carbon dioxide [8]. Recently, improvements in the design of 
photobioreactors have allowed high efficiency in the carbon dioxide capture and 
biomass productivity [115, 194-196]. Media containing high concentration of nitrogen 
and phosphorus, as well as gas supplies containing elevated CO2 partial pressures have 
been widely investigated [197-199]. However the increase of energy requirements 
necessary for the production of high-nutrient containing media and the supply of high 
CO2 concentrations may ultimately reduce the interest of microalgae for this application. 
The reduction of these costs can be achieved using pre-treated sewage, easily available 
in urban areas as nutrient source, combining it with carbon dioxide capture [197-199]. 
Flue gases from power plants can contain up to 15% of carbon dioxide, which can 
therefore make them a suitable source of CO2 for microalgae culture, reducing in the 
meantime CO2 emissions [200, 201]. Feeding microalgae cultures with artificial flue 
gases has been successfully investigated with the green alga Monoruphidium minutum, 
demonstrating the ability of the microalgae to sustain high levels of nitrogen and sulfur 
oxides [202]. Microalgae also shown ability to sustain high concentration of CO2 (up 
to 40%) and high temperatures (up to 42°C) [106, 111]. It therefore microalgae appears 
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to have high potential for CO2 capture when used for the combined treatment of 
wastewaters and flue gases. 
 
1.1.5.4. Heavy Metals Biosorption 
The contamination of waters sources and freshwater reserves by heavy metals 
represent a severe pollution issue which can ultimately affect both aquatic and human 
beings. Indeed, the effect of heavy metals can be dramatic when these are introduced 
within the food chain through any agricultural activity. Due to the high toxicity of heavy 
metals, wastewater effluents have to be treated accordingly [203, 204]. Metal ions 
removal is usually achieved with technics such as activated carbon adsorption, 
precipitation, resin ionic exchange, or reverse osmosis [205, 206]. In this context, 
microalgae have shown a great potential alternative to these methods, through their 
ability to accumulate heavy metals in high proportion [205, 207, 208]. Indeed, previous 
studies reported the bioaccumulation of various metal ions (Ag, Au, Zn, Hg, Cd, Mn, 
Cr, Ni, Fe, Cu, Cs) by different microalgae species, and valuable metals such as gold 
or silver can furthermore be recovered from the biomass [209-216]. Two different 
mechanisms are responsible for heavy metal removal by microalgae [214, 217, 218]. 
Metal ions can be absorbed into the microalgae metabolism for the synthesis of 
enzymes, vitamins, and proteins. They can also be involved in the cells enzymatic 
metabolism. The second metabolism may involve the binding of metal ions with extra- 
or intracellular carbohydrates. 
 
1.1.5.5. Production of High Value Compounds 
Microalgae can produce various types of high value compounds which can be of 
interest in food, pharmaceutical, or cosmetic industries. Indeed, microalgae contains 
high amounts of biochemical compounds such as proteins or carbohydrates highly 
appropriates as food supplements [219].The microalgae biomass also contains vitamins 
(A, B, C, E, folic acid, nicotinate, biotin), and pigments (phycobiliproteins, chlorophyll, 
carotenoids), which can be used in many applications [220]. Many examples of the use 
of these compounds are found in the literature. Chlorophyll can indeed been used in 
ulcer and liver recovery treatments, but also to enhance the human cells growth and 
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increases the haemoglobin amount within the blood. The high amount of 
phycobiliproteins, a natural antioxidant and anti-inflammatory compound, found in 
cyanobacteria also makes them very interesting for leukemia and tumor treatments [221, 
222]. Phycobiliproteins such as phycoerythrin and phycocyanin can also be used as 
fluorescent pigments for labelling of antibodies [223]. In addition, microalgae contains 
high nutritional value fatty acids such as decosa hexaenoic acid (DHA) and eicosa 
pentanoic acid (EPA), from which can be extracted omega-3 [224]. Fish oil still remains 
the main source of omega-3-rich fatty acids, however instability and unsustainability of 
fish oil production shifted the attraction towards alternative sources [225]. Indeed, the 
extraction of omega-3 from microalgae has been proven to be more cost-effective than 
fish oil. Eicosa pentanoic acid, found in microalgae, can serve various purpose within 
medical applications, such as for inflammatory and heart diseases or asthma treatments 
[226]. 
 
1.1.6. Harvesting and Concentration 
With the recent interest in the development of techniques conciliating efficiency 
and sustainability, microalgae have become one of the most attractive research field. 
Indeed, microalgae offer many possibilities with direct applications in industry. There 
is basically two different ways to avail microalgae. First for the growth metabolism and 
its impact on the culture environment. The need for nutrients the growth phase, and the 
ability of microalgae to set fix heavy metals and toxic organic compounds, creates a 
direct interest in the treatment of several types of wastewater. The capture of carbon 
dioxide, necessary for the photosynthetic metabolism of microalgae, is one of its most 
studied research area since the ratification of the Kyoto Protocol by most of the 
developed countries. Microalgae are also grown for the production of biomass. The 
main application is the production of bioenergy but due to their high concentration of 
high added value compounds such as pigments and antioxidants, they are also very 
interesting for food-processing and pharmacology. However, in order to be used, the 
biomass needs to be harvested and concentrated. Different techniques are applicable, 
such as centrifugation, filtration, or flocculation. The main issue of the biomass 
concentration is its energy costs, which if not reduced, can jeopardize the global interest 
in these microorganisms for industry. 
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1.1.6.1. Centrifugation 
One of the fastest and most efficient way to concentrate diluted microalgae 
biomass is by using centrifugal force. Indeed, centrifugation can achieve very high 
harvest efficiency without chemical or bacterial contamination, which is greatly 
suitable for the harvesting of high value compounds [1]. However, the high amount of 
energy needed for the centrifugation of microalgae biomass reduces its interest for 
lower value applications such as biofuel production [227, 228]. The designs of 
centrifuges used for the harvesting of microalgae biomass for biofuel production has 
evolved recently. However, these centrifuges still require a high investment and 
operating costs in comparison with other alternatives. Consequently, research has 
shifted towards the investigation of pre-concentration methods prior to centrifugation 
to decrease these costs. Flocculation has been investigated with four different 
flocculating microalgae strains (Tetraselmis suecica, Ankistrodesmus falcatus, Ettlia 
texensis, and Neochloris oleoabundans), for the harvesting of two non-flocculating 
strains (Chlorella vulgaris and Scenedesmus obliquus), prior to centrifugation [229]. 
The authors managed to reduce the operating costs of the concentration from 13.8 to 
1.83 MJ/kgDW. Bilad et al. (2012), investigated the use of a submerged microfiltration 
system for the pre-concentration of C. vulgaris and P. tricornutum biomass, 
successfully decreasing the operating costs from 8 kWh/m3 to respectively 0.84 and 
0.91 kWh/m3.Indeed, only 6.7% of the medium was left after the pre-concentration step 
[230].  
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Figure 1.5 – Industrial centrifugation process for the concentration of microalgae 
biomass (Flottweg SE) [231]. 
 
 
1.1.6.2. Flocculation 
Different methods have been investigated for the aggregation of microalgae cells 
and the creation of flocs, more easy to separate from the medium. Flocculation process 
has been employed alone or as pre-concentration method in complement with other 
methods, for the harvesting and concentration of microalgae biomass. The surface of 
the microalgae cells is negatively charged which can be destabilized by a positively 
charged coagulant. These coagulants can be cationic polymers or polyvalent cations, 
such as aluminium- and iron-based metal salts. However, the efficient use of metal salts 
in the flocculation process requires high amount of costly flocculants and a low pH 
[232]. Also, the addition of aluminium salts induce a lysis of the microalgae cells [233]. 
Also, metal salts residues can alter the quality of the products and the recycled medium 
[74, 234, 235]. Organic polymers such as grafted starch or chitosan can also be used as 
flocculating agents. These polymers help achieving a good recovery of microalgae at 
low dosage, thus reducing the environmental impact of the process [227, 236]. More 
recently, another alternative to these flocculants has emerged. Cationic metal-bound 
aminoclays have been successfully used for the harvesting of microalgae [237, 238]. In 
these studies, Al- and Mg-bound aminoclays have been used for harvesting, and Fe-
bound aminoclays was used for the coating of a filtration membrane. The results 
obtained were satisfactory, nevertheless the cost of these methods needs to be reduced 
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in order to compete with other technics. The choice of microalgae is also to be 
considered, as the efficiency of the flocculation decreases when marine algae are 
harvested due to the ionic strength of their surface [239, 240]. Extracellular polymeric 
substances (EPSs), such as polysaccharides or proteins synthetized by microorganisms, 
can also be used as an environmental friendly bioflocculant [241]. Kim et al (2011) 
investigated the use of a bioflocculant from Paenibacillus polymyxa AM49 combined 
with cationic chemicals for the harvesting of Scenedesmus sp [242]. They managed to 
harvest over 95% of the biomass while enhancing the growth rate with a recycled 
medium. It has also been demonstrated that mixtures of EPS-producing microbes, such 
as Bacillus cereus and Pseudomonas stutzeri, grown could effectively improve the 
harvesting of Pleurochrysis carterae [243]. However, the production of EPSs is not 
mandatory to induce the flocculation of microalgae [229]. Recently, auto-flocculating 
microalgae was employed for the harvesting of C. vulgaris and S. obliquus, thus 
reducing the final energy required for centrifugation. The auto-flocculation process 
describes the flocculation of microalgae cells due to the presence of multivalent cations 
such as calcium and magnesium ions at elevated pH [244]. A flocculating activity 
comparison has been conducted for Botryococcus brauniiwith using three different 
methods: inorganic flocculation, polymer flocculation, and auto-flocculation, the last 
one showing the greatest efficiency [245]. More generally, for an efficient auto-
flocculation, the presence of multivalent cations in the culture medium should be 
sufficient. Therefore, ion-rich waters such as wastewater or seawater seems optimal for 
the auto-flocculation of microalgae. However, iron has to be preferred in comparison 
with magnesium hydroxide for the microalgae auto-flocculation, due to its ability to 
enhance the biomass productivity using recycled medium [242]. Ultimately, the effects 
of the flocculant and acid used for the pH adjustment also has to be considered in terms 
of both economic and environmental point of view [246]. 
 
1.1.6.3. Flotation 
The flotation process has also been investigated for microalgae harvesting. With 
this method, gas bubbles are sparged in a tank containing the microalgae leading to the 
creation of an easily collectable vacuole layer on top of the suspension. In this 
application, the size of the microalgae cells is determinant, and a diameter from 10 to 
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500 μm is found to be more suitable. However, aggregation of microalgae cells has 
been proven to be effective in creating flocs attaining the requiring mass for an effective 
flotation [247, 248]. Also, flotation efficiency greatly depends on the size of the bubbles 
sparged. The bubbles size is generally sorted into three different categories: 
nanobubbles (<1 μm), microbubbles (1–999 μm), and fine bubbles (1–2 mm), each 
category having a different impact during the flotation process. Indeed, nanobubbles 
shows a longer longevity, as well as a greater carrying capacity, due to the optimized 
ratio between surface area and volume [249]. In comparison with large bubbles, the 
slow rising of small bubbles also allows a more efficient attachment and transport of 
the microalgae cells [247]. Also, the surface characteristics of the microalgae cells such 
as the charge and hydrophilicity are determinants in the interaction with the bubbles. 
Indeed, although the surface of both microalgae cells and air bubbles are negatively 
charged, the cells exhibits a hydrophilicity whereas the air bubbles are hydrophobic. 
However, these can be modified to ensure a better interaction. Ozone flotation has been 
proven efficient to enhance the interaction between air bubbles and two microalgae 
strains (C. vulgaris and S. obliquus FSP-3), even with the greater electronegativity of 
the cells surface after this process [250, 251]. The ozonation partially breaks the cells 
which release protein-like substances, believed to be biopolymers, making the air 
bubbles more hydrophilic, thus enhancing the interaction with microalgae cells. Similar 
findings have been reported by another research group [248]. Another interaction 
between ozone and microalgae can potentially reduce the efficiency of the process. 
Ozone tends to sweep humic-like substances reducing the efficiency of the ozonation. 
Therefore, the selection of species producing low amount of humic-like substances has 
to be privileged. Garg et al. (2012) reported an enhancement of the flotation 
performance of Tetraselmis sp. M8 with the enhanced cells hydrophobicity by addition 
of C14TAB, a cationic surfactant [252]. The authors concluded that the hydrophobicity 
of the microalgae cells was primordial for the process efficiency, in comparison with 
the cells ionic strength. 
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1.1.6.4. Filtration 
Membrane filtration technology has been widely used in many applications due 
to its high separation ability, easy operation, and unnecessary of using chemicals for its 
processing. When applied for the harvesting and concentration of microalgae biomass, 
filtration can also help recycling the culture medium, therefore optimizing the nutrients 
consumption and retain viruses and protozoa [253]. It can also simplify further 
processes such as extraction, refining, or biomass conversion and [254]. However, it is 
widely accepted that fouling is the main issue in every membrane process. It is caused 
by the deposition of alogenic organic matter (AOM) and the creation of an algal cake 
layer on the membrane surface [253, 254]. To reduce the detrimental impact of fouling, 
cross-flow filtration is preferred in opposition with dead-end filtration due to the 
backwashing and ventilation provided with this method [255]. Ultrafiltration has been 
successfully investigated in cross-flow mode for the concentration of microalgae 
culture from 1 to over 150 g/l with the addition of pulsated air scouring and 
backwashing [254]. A submerged microfiltration module has also been studied as a first 
step biomass concentration stage with promising results due to the reduction of fouling 
due to the shearing caused by air scouring [230]. Bhave et al. (2012) achieved a medium 
recovery of 99% and a concentration of microalgae biomass from 1 to over 150 g/l 
using hollow fiber membranes combined with a ceramic tubular membrane [256]. In 
order to prevent fouling issues, dynamic filtration has been investigated due to the high 
shear stress and turbulences induced, resulting in plateau fluxes 2 to 3 times higher than 
a conventional cross-flow microfiltration system [257, 258].  Dynamic filtration can 
also reduce the energy costs of the filtration in comparison with cross-flow filtration 
[259]. The principle of forward osmosis has been recently studied for the dewatering of 
microalgal biomass by the National Aeronautics and Space Administration (NASA) 
[30]. This project, called Offshore Membrane Enclosures for Growing Algae 
(OMEGA), aimed to use FO bags immersed into the ocean to grow microalgae using 
wastewater, and concentrate the biomass at the same time (Figure 1.6). The final goal 
of this project was to study microalgae as an alternative for the production of aviation 
fuels. FO membranes immersed into the ocean have also been studied for a partial 
dewatering of microalgae, reaching an average water flux of 2 l.m-2.h-1 (LMH) and 
obtaining a final biomass concentrated by 6.5. A significant biofouling was observed, 
without affecting the flux [31]. Despites the research conducted for the application of 
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membrane filtration for microalgae dewatering, improvements of membrane properties 
and characteristics, focusing on microalgae dewatering, have to be studied in order to 
further optimize these methods. The development of integrated systems combining the 
different steps of biomass cultivation, concentration, and extraction has to be 
investigated in a larger scale.  
 
 
Figure 1.6 – Schematic of the OMEGA System (NASA) [260]. 
 
1.1.6.5. Comparison of Harvesting and Concentration Methods 
Many methods have been applied and investigated for the harvesting and 
concentration of microalgae biomass, and each of them present advantages and 
disadvantages (Table 1.1). Some methods, such as coagulation, flocculation, 
sedimentation, or flotation are inexpensive. However, these may require the addition of 
potentially harmful chemicals and issues of contamination also appears. Other methods, 
such as filtration or electrical-based processes are more expansive, but can achieve 
greater recovery rates. More generally, each method will be best applied for the 
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harvesting and concentration of a specific microalgae strain, a specific growth medium 
and mostly for a specific application. For example, the cultivation of microalgae for 
biofuel production will require cost-efficient harvesting and concentration methods 
such as flotation [1]. Usually, a combination of two harvesting processes will be used, 
such as bio-flocculation followed by gravity sedimentation. On the other hand, the 
production of high value compounds will require the use of highly effective 
concentration methods, even if this means increasing the harvesting costs. Also, the 
addition of other chemicals will be avoided. Therefore, techniques such as filtration or 
electrical-based processes will be preferred [261].  
 
Table 1.1 – Comparison of advantages and disadvantages of different microalgae 
biomass harvesting and concentration methods. Table taken from [262]. 
Harvesting Method Advantages Disadvantages 
Chemical coagulation / flocculation 
- Simple and fast method 
- No energy requirement 
- Chemical flocculation may be expensive 
and toxic to microalgae biomass 
- Recycling of culture medium is limited 
Auto and bio-flocculation 
- Inexpensive method 
- Allows culture medium recycling 
- Non-toxic to microalgae biomass 
- Changes in cellular composition 
- Possibility of microbiological 
contamination 
Gravity sedimentation - Simple and inexpensive method 
- Time-consuming 
- Possibility of biomass deterioration 
- Low concentration of the algae cake 
Flotation 
- Feasible for large scale application 
- Low cost method 
- Low space requirement 
- Short operation time 
- Generally requires the use of chemical 
flocculants 
- Unfeasible for marine microalgae 
harvesting 
Electrical-based processes 
- Applicable to a wide variety of 
microalgae species 
- Do not require the addition of chemical 
flocculants 
- Poorly disseminated 
- High energetic and equipment cost 
Filtration (other) 
- High recovery efficiencies 
- Allows the separation of shear sensitive 
species 
- The possibility of fouling/clogging 
increases operational costs 
- Membrane should be regularly cleaned 
- Membrane replacement and pumping 
represents the major associated costs 
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1.2. Forward Osmosis 
The physical phenomenon of osmosis has been exploited from the beginning of 
mankind when it was discovered that salt could be used for food desiccation. Indeed, 
salt preserves food from most of bacteria, fungi, and other potentially pathogens 
microorganisms by killing or inactivating them from dehydration [263]. The osmosis 
phenomenon was first described in 1748 by Jean-Antoine Nollet, after he immersed a 
bottle of water closed with an animal bladder into water and discovered that water was 
permeating through the bladder into the bottle, but the alcohol was not permeating on 
the opposite way. However, this phenomenon first got named in 1827, when René 
Dutrochet proposed the terms “endosmosis” and “exosmosis” while conducting 
experiments with aqueous solutions. Osmosis has then been studied during the 19th 
century by Thomas Graham who discovered that colloid substances are retained by 
animal membranes, by M. Traube who first conceived an artificial membrane made of 
copper ferrocyanide, and W.F.P. Pfeffer who continued Traube’s work by precipitating 
copper ferrocyanide in a porous material to give mechanical strength to the membrane. 
In 1886, Van’t Hoff made an analogy between thermodynamics and osmosis, and 
established a law similar to the Gay-Lussac law. He received the Nobel Prize in 1901 
for his contribution in the field of chemistry. In 1899, A. Crum Brown noticed a 
phenomenon of osmosis while using three liquid phase: water saturated with phenol, 
pure phenol, and calcium nitrate saturated with phenol, and observed the water passing 
from the first phase to the third one, the pure phenol layer acting as a semipermeable 
membrane. From 1901, H.N. Morse and J.C.W. Frazer carried on the work by 
investigating the permeability of gelatinous precipitates such as ferrocyanides and 
phosphates of uranyl, iron, zinc, manganese, and cadmium. Nowadays, membrane 
filtration widely used for various industrial applications. Among these processes, 
forward osmosis has gained increasing attention in the past few decades and is now 
employed for in a wide range of applications such as power generation, seawater 
desalination, wastewater treatment, or food processing [264].  
 
 
 
 
 
CHAPTER 1 – Literature Review 
 
50 
 
1.2.1. Principle 
Forward osmosis is an osmotically-driven membrane process based on the 
difference of solute concentration between two solutions separated by a semi-
permeable membrane. The presence of solute within a solution induces the existence of 
an osmotic pressure. The relationship between solute concentration and osmotic 
pressure is given by the Morse equation, derived from the Van’t Hoff equation [265]: 
TRC    
where, π is the osmotic pressure of the solution (Pa), β is the Van’t Hoff coefficient, C 
is the concentration of solute (mol/L), R is the ideal gas constant (8.3145 J/K/mol), and 
T is the temperature (K). The forward osmosis principle can be described as the 
separation of a highly concentrated salt solution called “Draw solution” from a low 
concentrated salt solution called “Feed solution” by a semi-permeable membrane. An 
osmotic pressure difference arises between both sides of the membrane, and creates a 
driving force leading to the permeation of pure water from the feed side through the 
membrane. The pure water therefore dilutes the draw solution and the system eventually 
reaches an equilibrium state. Therefore, this process does not require the application of 
hydrostatic pressure, while maintaining a retention rate of contaminants very high and 
a very low fouling compared to other pressurized membrane processes. The water flux 
crossing the membrane is classically calculated with the following equation: 
)( PAJW    
where Jw is the water flux (m3.m-2.s-1), A the pure water permeability of the membrane 
(m.s-1.Pa-1), ∆π is the osmotic pressure difference (Pa), and ∆P is the hydrostatic 
pressure difference (Pa). However, for simplicity reasons, the water flux is usually 
displayed in LMH (L. m-2.h-1). 
1.1 
1.2 
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Figure 1.7 - Description of the principle of osmotic processes. 
 
Various osmotic process can be found, as described in Figure 1.7. All of these 
processes involves the filtration of solutions with different osmotic pressures using 
semi-permeable membranes. Reverse osmosis (RO) is one of the main osmotic process. 
During RO, a high hydraulic pressure is applied on a solution of high osmotic pressure 
to force fresh water to pass through the membrane. For this process to work, the 
hydraulic pressure difference (∆P) needs to remain higher than the osmotic pressure 
difference (∆π). Pressure retarded osmosis (PRO) describes an osmotic process using 
the difference of osmotic pressure between the draw and the feed to produce energy. 
The feed solution permeating through the membrane increases the pressure on the draw 
side, which energy is recovered using turbines. As mentioned, FO describes the 
concentration of a feed solution using a draw solution. Assisted forward osmosis (AFO) 
is a variation of FO in which an additional hydraulic pressure is applied on the feed side 
to increase the permeate flux. 
 
1.2.2. Industrial Applications 
1.2.2.1. Seawater Desalination 
FO has been proposed for removing salt from saline water since the 1970s [266-
269]. FO can be used for seawater desalination in two ways. The first one use seawater 
as feed solution and a draw solution with a higher osmotic pressure. This requires the 
development of draw solutions with an osmotic pressure much higher than that of water. 
The only problem is the need to separate the diluted draw solution afterward. Various 
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separation processes such as distillation or membrane separation can be implemented 
depending on the products used to produce the concentrated solution. The osmotic 
pressures generated by the presence of different products depends on the concentration 
but also on the type of compound used. Two compounds (CaCl2 and MgCl2) can be 
very interesting to get a significant osmotic pressure because of their number of ionic 
species in solute [15]. The use of these compounds, however, depend on their price and 
the feasibility of their subsequent separation. As shown on a pilot [270], salt retention 
is above 95% for a permeate flux of 25 LMH. The major drawback of the direct osmosis 
is the need to obtain a concentrated solution easily separated in the second part of the 
process. Indeed, if the reverse osmosis process is used to desalinate the draw solution, 
whose osmotic pressure is very high, the amount of energy needed became very 
important. Draw solution component must provide a huge osmotic pressure and be easy 
to separate. Because of that, many studies have been made in order to improve and 
optimize draw solutions. One method of FO desalination employs thermolytic draw 
solutions which can be decomposed into volatile gases (e.g. CO2 or SO2) by heating 
after osmotic dilution. McCutcheon et al. proposed another novel method using a 
mixture of CO2 and NH3 as the draw solute for desalination [269-271]. The resultant 
highly soluble and thermolytic ammonium bicarbonate (NH4HCO3) draw solution can 
yield high water fluxes and result in high feed water recovery. The other type of FO 
desalination uses water-soluble salts or particles as the draw solutes, and fresh water is 
generated from diluted draw solution by other methods. Khaydarov and Khaydarov 
[272] proposed utilizing solar power to produce fresh water from the diluted draw 
solution after osmotic dilution. An et Ng investigated seven draw solutes (i.e. NaCl, 
KCl, CaCl2, MgCl2, MgSO4, Na2SO4 and C6H12O6) for seawater desalination using 
hybrid FO-NF system [273].Ling and Chung used hydrophilic nanoparticles as the draw 
solutes for desalination and the nanoparticles could be regenerated by UF [274]. Zhao 
et al. proposed using divalent salts (e.g. Na2SO4) as the draw solutes for brackish water 
desalination because the diluted solution could be recovered via NF [26, 275]. Another 
way to use forward osmosis in water desalination purpose is as pre-treatment for reverse 
osmosis in term of reducing operating costs. This hybrid process has been tested and it 
has been concluded that this process had the ability to reduce fouling power of very 
poor water quality and reduce production costs [276]. Indeed, this process can be used 
for diluting the seawater decreasing the osmotic pressure, and then decreasing the 
amount of energy needed in the reverse osmosis process and the fouling on the RO 
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membrane. For this application, the best way is disposing a source of water with a low 
salts concentration. Then this water is user as feed solution and the seawater can be 
used as draw solution. Cath et al. employed FO as an osmotic dilution process using 
seawater as the draw solution for impaired water purification in a hybrid FO-RO 
process [19]. Similar FO-RO desalination system were proposed to generate both 
potable water [277, 278] and the osmotic power of RO brine [276]. In these combined 
FO-NF or FO-RO processes, FO offers several major benefits, including high quality 
of drinking water due to the multi-barrier protection, reduced RO fouling because of 
the pre-treatment by FO, recovery of osmotic energy of RO brine, low energy input and 
no need for chemical pre-treatment. In fact, the FO process acts as a pre-treatment 
process (i.e. osmotic dilution) in a second type of FO desalination. To get fresh water, 
further water recovery methods must be used to desalinate the diluted draw solution.  
 
 
Figure 1.8 – Seawater desalination system using forward osmosis for the production of 
purified water (Source: Oasys Water) [279]. 
 
 
1.2.2.2. Water Treatment 
Forward osmosis has been studied for its potential in the treatment of wastewaters, 
which interest grows due to the increase of population combines with the depletion of 
fresh water sources and the growth of water use in industry. Indeed, many advantages 
exists when using FO to treat wastewater. In comparison with other membrane 
processes, FO does not require the application of hydraulic pressure, which lowers the 
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energy requirements and the process global costs [280, 281]. This lack of hydraulic 
pressure also reduces the impact of fouling and the costs of cleaning, and therefore 
enhances the membranes lifetime [282, 283]. FO membranes efficiently removes total 
dissolved solids (TDS), rejects pathogenic microorganisms, and can also reject 
emerging contaminant [281, 284, 285]. Cath et al. obtained promising results while 
studying the production of drinking water using impaired water as feed solution and 
saline water as draw solution [19]. FO has also been investigated for the concentration 
of activated sludge [18], and centrate from anaerobic digestion [286]. FO has been 
recently proposed in hybrid systems called osmotic membrane bioreactors (OMBRs) 
[18, 287-289]. In these systems, forward osmosis is combined with the aerobic or 
anaerobic digestion in order to treat diluted wastewaters. The wastewater is 
concentrated by FO and the freshwater is produced afterwards, by the recovery of the 
diluted draw solution, usually by reverse osmosis of membrane distillation. Indeed, FO 
is perfect in combination with anaerobic treatment, which is generally insufficient for 
the treatment of municipal wastewaters due to their low concentration of organic matter 
[290-292]. The different possible configurations of OMBRs are shown on Figure 1.9. 
Two main configurations arise, depending on the FO integration methodology. Indeed, 
the FO concentration can occur prior to feeding the bioreactor or directly inside the 
bioreactor. In case of pre-concentration of the feed solution, a high fouling propensity 
has been reported [33, 293], and the increase of crossflow velocity in order to prevent 
this fouling may endanger the structure of the activated sludge flocs [294]. In immersed 
configurations, the accumulation of salt diffusing from the draw solution into the 
bioreactor may potentially become an issue. The impact of this accumulation on FO 
performances has been investigated using a model including different membrane 
parameters and operating conditions of the OMBR [289]. The authors found that the 
membrane selectivity (B/A), and the ration between hydraulic and sludge retention time 
(HRT/SRT), were the main parameters to take into account. Indeed, the lower these 
parameters are, the lower the permeate flux decline is and the better the performances 
of the system are. Finally, OMBRs can be combined with micro or ultra-filtration 
processes (Figure 1.9e) in order to reduce the salinity within the bioreactor, and achieve 
high fluxes and low fouling propensity [295-298]. Overall, the use of forward osmosis 
in wastewater treatment will mostly focus on the pre-treatment in order to reduce the 
overall costs by reducing membrane fouling [264]. 
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Figure 1.9 - Schematic diagram of OMBR systems. (a) Submerged OMBR for wastewater 
reclamation, aerobic condition; (b) Submerged OMBR for wastewater treatment, aerobic 
condition; (c) Submerged OMBR for biogas recovery, anaerobic condition; (d) Side-stream 
OMBR, aerobic condition; (e) Combined OMBR, aerobic condition [299]. 
 
 
 
1.2.2.3. Food Industry 
The concentration of liquid food, such as juices or purees, is one a major process 
in the food industry because it affects the stability and product quality, but also in 
transport costs, handling and storage [300]. Currently, different processes are employed 
mainly using thermal evaporation procedures or freeze concentration. These processes 
are energy intensive, and can also alter the organoleptic profile of concentrated products 
such as flavour, colour or texture and even induce a sensory loss and nutritional value 
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with the deterioration of vitamins or other heat sensitive compounds [301]. Several 
filtration processes have been investigated such as reverse osmosis, osmotic distillation, 
and membrane distillation. Reverse osmosis has been widely used in the industry for 
the concentration liquid food products, however the high hydraulic pressure, the high 
concentration polarization, and high organic fouling could be detrimental for its use in 
food industry [302]. Among the osmotic-based technologies, forward osmosis has 
shown promising results, since FO membranes are much cheaper and have a longer 
lifetime of than other membrane processes [300]. Forward osmosis, has been greatly 
employed for the concentration of various products, including many juices [303, 304], 
fruits (pears, apricots, strawberries, etc…) [305-307], vegetables and tubers (carrots, 
peppers, potatoes, etc…) [308-310]. In these applications, forward osmosis is employed 
for the removal of water by dehydration. Indeed, this process provides numerous 
advantages such as low working temperatures and pressures, and the feasibility of 
treating products containing substantial amount of suspended solids. The choice of 
draw solution is essential, since it impact not only the performances of the process but 
also the quality of the final product. Indeed, a small amount of solute from the draw 
diffuses through the FO membrane into the feed solution. Therefore, the draw solute 
used must be compatible with the food product dewatered, which means that it should 
not alter its organoleptic properties and nutritional value. The most common draw 
solution used for food concentration is NaCl which is inexpensive, gives good 
performances, and is easily recovered by reverse osmosis [281]. NaCl solutions from 2 
to 6M have been studied for the concentration of Juices [311, 312], milk whey [313], 
or orange liquors [314]. The effectiveness of using these draw solution was proven but 
high reverse solute diffusion was observed. Simple carbohydrates such as glucose, 
fructose, or corn syrup have also been used for the concentration of juices [304, 315], 
natural colour extracts [316], or coffee [317]. These draw solutions presents a lower 
water flux than NaCl and their higher viscosity also enhances the concentration 
polarization and the power consumption through the use of pumps. Therefore, draw 
solutions combining NaCl and sucrose have been successfully investigated for the 
concentration of pineapple juice, achieving high performances and reducing the reverse 
diffusion of NaCl [311]. No optimal draw solution has been found yet for the 
application of FO in food industry, which presents one of the major impediment for 
further commercial applications. 
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1.2.2.4. Pharmaceutical Industry 
In pharmaceutical industry, FO process has mostly been used for the controlled 
release of drugs, acting as a pump driven by osmosis phenomenon [318, 319]. Most 
pharmaceutical products are sensitive to heat and are large enough to be rejected by FO 
membranes. In comparison to conventional chemical and physical dewatering 
treatments, FO is simpler and more environmental friendly, and should therefore be of 
a high interest in pharmaceutical industry. However, this process is not very common 
in this industrial field, but a few application applications have still been investigated. 
Under special circumstances, an accurate release of drug is more adequate than the 
usual oral route of medication, which is where the use of osmotic pumps becomes 
relevant. It also achieves a regular drug concentration in the bloodstream and can help 
reducing side effects [320]. Few companies have already developed drug delivery 
systems for human therapy, and osmotic systems such as OROS® Push-PullTM, 
EnSoTrol®, or L-OROSTM have been developed [321]. Also, FO membranes with 
MgCl2 as draw solution have been successfully used for the enrichment of a lysozyme 
solution without denaturation [322]. In addition, the proteins fouling is minimized due 
to the hydrophilicity of the layer facing the proteins feed.  
 
1.2.2.5. Power Generation 
Pressure retarded osmosis (PRO) has been first proposed and investigated by 
Sidney Loeb in 1976 [323, 324]. Since then, this process has raised a great interest for 
its ability to generate power from the abundant resources that are seawater and 
freshwater. This process is used to produce energy from the pressure difference arising 
when two solutions of different osmotic pressure are separated by a semi-permeable 
membrane. Theoretically, 1.7 to 2.5 MJ of energy can be generated when 1 m3 river 
water is mixed with 1 m3 seawater or with a large surplus of seawater [325]. It is 
estimated that the gross power potential of this unconventional energy source reaches 
up to 2.4 – 2.6 TW [326, 327]. PRO membranes specifically designed for power 
generation reported the highest power density (up to 10.00 W/m2) [328]. McGinnis et 
al. proposed a closed cycle PRO process (i.e. osmotic heat engine) to exploit the 
osmotic power generated using a concentrated ammonia-carbon dioxide draw solution 
[329]. The main advantage of this osmotic heat engine include allowing the use of low-
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grade heat sources (e.g. waste heat or geothermal heat) to generate power and the 
achievement of high energy conversion efficiency [269]. The first power generation 
plan has been started by Statkraft on November 2009 in Tofte, Norway (Figure 1.10). 
This plant is using the pressure differential between seawater and river water to produce 
about 4 kW which is very little compared to the installation and operating costs. 
However, several improvements on membranes and turbines efficiency can be made to 
enhance the performances and profitability of the power generation. 
 
 
Figure 1.10 -Schematic of a PRO power plant as used by Statkraft in Tofte, Norway 
[330]. 
 
1.2.3. FO Membranes 
1.2.3.1. Asymmetric Membranes 
Asymmetric membranes are commonly manufactured by phase inversion [331]. 
The composition of most of asymmetric membranes is based on cellulose acetate, either 
diacetate (CDA), or triacetate (CTA), due to its low fabrication cost [332, 333]. 
Cellulose acetate can exhibit high water fluxes and can prevents fouling due to its 
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hydrophilic properties. In addition, cellulose acetate have good resistance to common 
oxidative species which prevents its alteration during cleaning processes [333]. 
Cellulose acetate membranes are typically prepared by coating the polymer solution 
onto a woven fabric [334, 335]. The porosity of the membranes is ensured by the 
presence of compounds such as lactic acid, zinc chloride, or maleic acid in the dope 
solution used. More recently, cellulose acetate membranes composed of a porous layer 
coated on both sides with active dense layer were proposed [332, 334, 336, 337]. It was 
reported that, during the fabrication, the structure of the bottom layer was affected by 
the substrate used to cast the membrane [332, 338]. Glass substrate resulted in a dense 
layer at the bottom of the membrane, whereas when Teflon was used the bottom layer 
was more porous, the top layer not being affected by the substrate. The main limitations 
of cellulose acetate membranes remains its narrow pH range of operation (4-8) and 
temperature limits (0-35°C). 
 
 
Figure 1.11 - A cross-sectional SEM image of HTI's FO membrane. A polyester mesh 
is embedded within the polymer material for mechanical support [269]. 
 
1.2.3.2. Thin Film Composite Membranes 
As an alternative to celluloside membranes, thin-film composite membranes have 
been developed for a better control of the membranes properties. Various strategies 
have been employed for the improvement of the separate properties of both active layer 
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and support layer. The desired properties of the support layer are a high porosity, low 
tortuosity, and a good mechanical resistance. Indeed, a high porosity and low tortuosity 
will lower the resistance to the water passage, therefore increasing the permeate flux. It 
will also reduce the internal concentration polarization effect, discussed in the next 
section. The good mechanical resistance will allow the membrane to sustain moderate 
pressure differences and prevent structural damages. The most common material used 
as support layer is polysulfone (PSf) which has been largely studied [339-342]. The 
dense layer is usually formed by interfacial polymerization on top of the before 
mentioned support layer. Yip et al. (2010) fabricated a thin-film composite membrane 
with a polysulfone support layer, achieving very high water fluxes (18 LMH) and high 
sodium chloride rejection (over 97%) [340]. The membrane was also investigated with 
ammonium bicarbonate as draw solution and high pH, proving its resistance to such 
operating conditions. Water flux can also be enhanced by increasing the hydrophilicity 
of the membrane, which can be achieved by the addition of polyethylene glycol (PEG) 
or polyvinylpyrrolidone (PVP) to the PSf substrate, however the results obtained did 
not prove its efficiency [343, 344]. Electro-spun PES fibers and nanofiber supports have 
also been investigated, showing promising results in membrane properties enhancement 
[345-347].  
 
1.2.4. Concentration Polarization 
Concentration polarization (CP) is a phenomenon appearing in every pressure 
driven and osmotically-driven process [15, 348-352]. This phenomenon is due to the 
variation of salt concentration inside and outside the membrane. It reduces the osmotic 
pressure differential and then decreases the permeate flux. Concentration polarization 
can be divided into two different phenomenon: External Concentration Polarization 
(ECP) which appears on each surfaces of the membrane, and Internal Concentration 
Polarization (ICP) which appears inside the membrane, between the active layer and 
the support layer. The effect of both ECP and ICP is the reduction of osmotic potential, 
therefore of the water flux permeating through the membrane.  
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Figure 1.12 - Schematic of the concentration polarization phenomenon with both 
orientation of FO membranes. 
 
Figure 1.12 explains CP phenomenon for FO membranes. CDe and CFe are 
respectively the salt concentrations of the draw and feed solutions, CDm and CFm are 
respectively the salt concentrations on the surface of the membrane on the draw and 
feed sides, and Ci represent the salt concentration inside the membrane, between the 
support layer and the active layer. Two different membrane orientations, representing 
FO/AFO mode and PRO mode are presented. On this figure, ECP appears between CDe 
and CDm for the draw side, and CFe and CFm for the feed side. ICP appears inside the 
membrane between CDm and Ci. 
 
1.2.4.1. External Concentration Polarization 
As in pressure-driven membrane processes, ECP in FO occurs at both sides of the 
surface of the membrane. Indeed, the pure water cross the membrane from the feed side 
to the draw side while a reverse salt diffusion, due to the salt concentration differential, 
appears on the opposite direction. Consequently, it is possible to differentiate two types 
of ECP. The first one, called concentrative ECP, correspond to the increase of salt 
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concentration between the feed and the membrane surface due to the imperfect salt 
rejection of the membrane and the two fluxes mentioned previously [350, 353, 354]. 
The second one, called dilutive ECP, correspond to the decrease of salt concentration 
between the draw solution and the membrane surface. Only concentrative ECP can take 
place in a pressure-driven membrane process, while both concentrative ECP and 
dilutive ECP may occur in an osmotically driven membrane process depending on the 
membrane orientation. Concentrative ECP occurs when the membrane support layer is 
facing the feed solution. ECP reduces the net driving force due to increased osmotic 
pressure at the membrane active layer interface on the feed side of the membrane, or 
decreased osmotic pressure at the membrane active layer surface on the draw solution 
side. However, the adverse effect of ECP on the permeate flux can be reduced by 
increasing the flow turbulence or velocity, or optimizing the water flux [15, 355]. 
McClutcheron and Elimelech have modelled ECP in FO using boundary layer film 
theory [348]. The general equation for concentration polarization modulus in pressure-
driven membrane process can be expressed as [355]. 

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where k is the mass transfer coefficient (m.s-1), πD the osmotic pressure of the draw 
solution (bar), πF the osmotic pressure of the feed solution (bar). Even if the ECP reduce 
the water flux crossing the membrane and then the efficiency of the process, the global 
role of ECP is minor in FO configuration and is not able to jeopardize it [270]. 
 
1.2.4.2. Internal Concentration Polarization 
ICP is the most important phenomenon in osmotically driven membrane 
processes. Indeed, the flux decline is principally caused by ICP [348, 356-358]. It only 
occurs in asymmetric membrane systems, correspond to the loss of driving force 
because of the decrease of salt concentration into the support layer. AS shown on Figure 
1.12, two types of ICP can appear depending on the membrane orientation. The 
concentrative ICP appears when the active layer faces the draw solution as in PRO 
mode. In this case, because of the high salt rejection of the active layer, salt 
1.3 
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concentration inside the membrane Ci is low and the driving force Δπeff related to ΔCeff 
in high. Then, the effect of concentrative ICP is small and the water flux can remain 
high. The dilutive ICP appears when the active layer faces the feed solution as in FO 
mode. In this case, the difference between the osmotic pressure differential across the 
membrane (Δπm) and the effective osmotic pressure differential (Δπeff) is very high 
compared to concentrative ICP. In order to understand and reduce the internal CP, 
several models have been developed to describe the phenomenon. Adopting the models 
developed by Lee et al [359] as a simplified equation to describe the water flux during 
FO without consideration of the membrane orientation have been introduced. 
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where K is the resistance to solute diffusion within the membrane porous layer (m-1.s) 
defined as: 

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where ts is the membrane thickness (m), τ the tortuosity, ε the porosity and D the 
diffusion coefficient of the solute (m2.s-1). The effect of ICP has also been modelled by 
adopting the classical solution-diffusion theory [348, 359, 360]. When the draw 
solution is placed against the membrane support layer (i.e. FO mode), dilutive ICP 
dominate the water flux (Jw), and it can be expressed as [360] : 
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where B is the solute permeability (m.s-1). Both ICP and ECP greatly reduces the 
membrane performances, and research has focused on the improvement of membrane 
characteristics through the reduction of concentration polarization effects. 
 
 
 
1.4 
1.5 
1.6 
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1.2.5. Draw solutions 
1.2.5.1. Inorganic Salts 
A large variety of water soluble inorganic salts have been investigated as potential 
draw solutes, due to the high resulting fluxes and the ease of draw solute recovery 
through reverse osmosis [287, 361-363]. Inorganic solutes represents most of the draw 
solutes investigated in forward osmosis studies (Figure 1.13). Examples of inorganic 
salts includes magnesium, calcium, sodium, potassium, barium, or caesium, which have 
been studied from the early 1970s [303]. Inorganic salts can be sorted into three groups 
depending on the recycling method used for their recovery. The first group is composed 
by inorganic salts thermally recoverable such as ammonium bicarbonate which has 
been investigated for seawater desalination for the past decade [269, 270, 348, 358]. 
Ammonium bicarbonate generates high water fluxes and can be recovered through 
heating (around 60 °C). At this temperature, ammonium bicarbonate is decomposed 
into carbon dioxide gas and ammonia, which can be further re-dissolved in order to 
regenerate the draw solution. This process only requiring relatively low energy 
consumption, its utilization has been reported to save up to 85 % of energy in 
comparison to other methods during seawater desalination [271]. However, the high 
reverse solute diffusion appears to be an issue when using ammonium bicarbonate due 
to the reduction of osmotic power and the contamination of the feed solution [361]. The 
second group of inorganic salts is composed by those possibly usable as fertilizers, 
which have been investigated only recently [364]. After dilution through the FO process, 
the draw solution can be directly used for irrigation without any treatment, also reducing 
the overall amount of energy needed which is reported to be the most energy-intensive 
process in seawater desalination [263, 264, 271]. The utilization of these still suffers 
from limitations due to the acidic nature of these, not suitable for all FO membranes 
such as these made of cellulose acetate and cellulose triacetate [365]. Also, the partial 
dissolution of most of these salts leads to a reduction of efficient osmotic pressure and 
therefore low observable water fluxes [366]. The third category of inorganic salts is 
composed by those recovered through the use of pressure driven processes [361, 367, 
368]. These salts have been investigated in various FO applications and methods for 
the selection of an appropriate draw solute depending on the applications have been 
developed [361, 369]. Over the 500 salts investigated, 14 were selected based on the 
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high permeate fluxes obtained as well as the low reverse diffusion and the ease of 
further draw solution recovery.  
 
 
Figure 1.13 - Draw solutions used in FO based on approximately 50% of FO 
publications. Results are expected to increase in similar ratios when considering all 
published works. [370] 
 
1.2.5.2. Organic Salts 
Organic salts have proposed recently by Bowden et al. (2012) in an osmotic 
membrane bioreactor for wastewater treatment due to their biodegradability [371]. 
After a selection process, sodium acetate, sodium propionate, sodium formate, and 
magnesium acetate were chosen for further investigation. Organic salts outperform 
inorganic salts in terms of salt rejection during the re-concentration step by reverse 
osmosis and the biodegradability. However, organic salts exhibits low permeate fluxes 
in comparison with inorganic salts. Indeed, organic sodium salts at an osmotic pressure 
of 28 atm generates permeate fluxes from 8.7 to 9.4 LMH, whereas around 14 LMH 
are produced using similar osmotic pressure of sodium chloride [372]. The lower 
diffusion coefficient of these salts enhances the negative effects of concentration 
polarization, which also increases the energy needs for its recovery through reverse 
osmosis [23]. 
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1.2.5.3. Volatile Compounds 
Volatile compounds have been first proposed by Neff (1964) as draw solute for 
desalination by forward osmosis [373]. He investigated the potential, regeneration, and 
applications of mixtures of carbon dioxide and ammonia gases (NH4CO3) with forward 
osmosis (Figure 1.14). The osmotic pressure resulting being very low due to the low 
solubility of the mixture used, the addition of ammonium hydroxide in various 
proportions has been studied for the increase of solubility in water, therefore enhancing 
the performances of the process [269, 270]. Mixtures of sulphur dioxide (SO2) and 
seawater or freshwater have also been suggested as draw solution [374]. The recovery 
of SO2 was realized by heating or air stripping. Mixtures of SO2 and aliphatic alcohols 
were also studied in order to decrease water activity and therefore increase the resulting 
osmotic pressure [375]. More recently, saturated potassium nitrate (KNO3) was 
proposed as draw solution for seawater desalination, which recovery was achieved by 
a second FO unit using SO2 as draw solution [376]. The SO2 of the second FO unit was 
then recovered through heating. Despites the promising results obtained, the risks 
inherent to the use of volatile SO2 reduces its attractiveness for seawater desalination 
by forward osmosis. The number of studies on volatile compounds as draw solution is 
still limited and the results obtained cannot compete yet with other draw solutions. 
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Figure 1.14 - Schematic drawing of the novel ammonia–carbon dioxide FO process [269]. 
 
 
1.2.5.4. Synthetic Materials  
Several synthetic materials have been recently proposed as draw solutions for 
forward osmosis. Among these, hydrophilic magnetic nanoparticles (MNPs) have 
shown promising results and have therefore raised a great interest [367, 372, 377-380]. 
Solutions of MNPs coated with polyacrylic acid or polyethylene glycol diacid have 
exhibited water fluxes around 18 LMH [372, 379]. An external magnetic field was used 
for the recovery of the draw solutions. Studies revealed that the hydrophilicity and the 
size of the nanoparticles was highly related to the osmotic pressure exhibited due to the 
effect of surface ligands. As no reverse solute diffusion was observed, MNPs draw 
solutions possess a great advantage over inorganic salts, in FO applications where feed 
contamination has to be avoided [377]. Despites the great potential of nanoparticles for 
FO applications, their performances still remain below these of inorganic draw 
solutions due to a lower osmotic pressure and much higher concentration polarization 
effects. Therefore, the use of highly soluble synthetic materials has been explored [381, 
382]. Solutions of charged and neutral 2-methylimidazole have been investigated for 
seawater desalination using an FO-MD process for draw recovery, however the reverse 
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diffusion into the feed solution still remains an issue. Additionally, the elevated cost of 
2-methylimidazole synthesis also alter its potential for FO processes. Finally, solutions 
of polyelectrolytes such as polyacrylic acid sodium, easily recoverable by ultrafiltration, 
have been investigated and have shown great performances in comparison with usual 
inorganic salts [358, 381, 383]. The relatively high viscosity of concentrated 
polyelectrolytes solutions may decrease their potential, but this issue can be solved by 
increasing the temperature of the draw solution. More work has to be carried on the use 
of synthetic material, these showing a great potential for FO draw solution. 
 
1.2.6. Membrane Fouling 
Fouling is recognized as the major issue in every membrane processes. It is due 
to the attachment of matter composing the flux onto the membrane surface and result 
in an additional resistance to the permeate flux and eventually a decrease of the process 
performances (Figure 1.15). It also has a direct impact on the life duration of the 
membrane, and the membrane cleaning/replacement frequency [384]. FO fouling 
suffers, at different levels, from the same mechanisms described with pressure-driven 
membrane filtration processes, which are principally due to the coupled effect of 
chemical and hydrodynamic interactions [385]. Other fouling mechanisms, due to the 
reverse solute diffusion, are only described in osmotically-driven processes [386]. More 
generally, fouling can be decomposed into different mechanisms described in this 
section.  
 
 
Figure 1.15 – Examples of fouled industrial membrane modules [387, 388]. 
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1.1.1.1. Colloidal Fouling 
Colloids can be defined as small particles of a diameter ranging from 1 to 1000 
nm [389]. The deposition of these particles onto the membrane surface causes the 
formation of a cake layer which effect is an increase of resistance and the reduction of 
permeate flux. The deposition and development of fouling is governed by foulant-
foulant and foulant membrane interactions [390, 391]. In the case of colloidal particles, 
the classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, based on the van 
der Waals forces (VDW) and electrical double layer theory (EDL), is used to describe 
these interactions [390, 392, 393]. The DLVO theory can also be used in case of 
colloidal-sized microorganisms to explain biofouling [394, 395] , 113). In order for the 
colloids to aggregate, they must overcome the energy barrier which is represented by 
the addition of VDW and EDL forces [393, 396]. Colloidal fouling can affect the FO 
filtration performances by two related mechanisms: cake layer formation, and cake-
enhanced osmotic pressure (CEOP). The cake layer formation induces the appearance 
of an additional resistance to the initial membrane resistance, thus reducing the water 
flux permeating through the membrane. The CEOP describes the reduction of driving 
force by enhancement of concentration polarization effects, due to the formation of the 
cake layer aforementioned [25, 397]. In this case, the salt diffusing through the 
membrane accumulates at the interface of the membrane and the cake layer or within 
the cake layer, thus reducing the difference of osmotic pressure across the active layer 
of the membrane. The increase of salt concentration within the cake layer also results 
in stronger interactions between the colloids [24]. The distinct effect of these two 
mechanisms has been studied. It appears that cake layer formation plays a major role in 
colloidal fouling in early stages of filtration, whereas CEOP dominates in later stages, 
as the thickness of the cake layer increases [24, 25]. Several studies have been 
conducted to assess the effect of different parameters, such as salinity, crossflow 
velocity, and foulant concentration, on filtration performances. A high salinity 
combined with a high colloids size has been demonstrated to accelerate the deposition 
of these onto the membrane surface, by creating a dense foulant layer on the membrane 
surface through the enhancement of Van der Waals forces [398]. The pH of the feed 
solution also affects fouling by acting on the repulsive electrostatic forces between the 
membrane and the colloids [24]. Chong et al. (2008) observed an increase of CEOP 
effects with high permeate flux and low crossflow velocities, mostly due to the thicker 
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cake layer [399]. The structure of the cake layer also plays a key role on the effects of 
colloidal fouling, according to Lee et al. (2011) [397]. The reversibility of colloidal 
fouling in FO has been investigated in few studies. It appears that a physical cleaning, 
conducted by increasing the crossflow velocity, is efficient to recover most of the 
performances in absence of colloids aggregation [24].  
 
1.2.6.1. Organic Fouling 
Organic fouling describes the fouling due to the presence of organic substances 
such as humic acid, proteins, or carbohydrates. In this case, membrane fouling starts 
with the initial adhesion of these substances onto the membrane by interfacial 
interactions. Once organic macromolecules completely adsorbed and covered the 
membrane surface, the deposition of organic compounds is governed by interactions 
between this initial layer and newly deposited organic substances [400]. These 
mechanisms are described as membrane-foulant-foulant interactions, in which 
chemistry and hydrodynamics plays a key role [23]. Among the different factors 
affecting organic fouling, the membrane materials (composition, surface charge, 
hydrophobicity, roughness), the properties of the organic compounds (size, surface 
charge and composition), and the hydrodynamics conditions (fluid dynamics) are 
predominant. Mi and Elimelech studied alginates fouling and cleaning on FO 
membranes. They concluded that the fouling layer formed is less compact than in RO 
because of the lower hydraulic pressure which avoids the use of chemicals [23]. Fouling 
with mixtures of oppositely charges lysosome and alginate has also been studied, 
demonstrating a more severe flux reduction and foulant layer deposition in presence of 
these two foulant in comparison with single foulant feed solutions [401]. This finding 
was explained by the strong electrostatic interaction between the negatively charges 
alginates and the positively charged lysosomes. The role of membrane characteristics 
and orientation has also been widely studied. Valladares Linares et al. observed that 
organic foulants on the membrane surface (active layer) could enhance the negative 
charge property and hydrophilicity of the surface, and also increase absorption capacity 
for hydrophilic compounds [20]. Indeed, hydrophobic membranes are more prone to 
organic fouling through adsorption [402]. The active layer of FO membranes, smoother 
than the rough and porous support layer has also been identified as less subject to 
organic fouling deposition and pore blocking [401, 403]. Jin et al. found that organic 
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fouling could also have important effects on the removal of inorganic contaminants (e.g. 
boron and arsenic). The influence were dependent on the membrane orientation: in FO 
mode organic fouling on the membrane active layer could enhance the sieving effect 
and thus improve the rejection for arsenic; in PRO mode organic fouling in the 
membrane support structure could decrease the rejection for boron [21]. Hydrodynamic 
conditions are also crucial concerning the deposition and development of organic 
fouling. A high initial flux, resulting in a high permeation drag force, combined with a 
low crossflow velocity, resulting in a low turbulence level, have been described as the 
main factors affecting fouling with specific organic compounds [23]. Organic fouling 
can be prevented by membrane surface modifications [404], pre-treatment of the feed 
solution [405], or improvement of hydrodynamic conditions. Cleaning of organic 
fouling has also been investigated to assess the recovery of FO membrane performances. 
It has been shown that physical methods are efficient enough to remove most of organic 
fouling, thus avoiding the use of additional chemical cleaning agents [385, 406]. Indeed 
the fouling layer is generally loosely attached to the membrane surface and less compact, 
due to the lack of hydraulic pressure applied in FO processes. As an example, it has 
been shown with seawater as feed solution that a crossflow velocity of 16.7 cm.s-1 is 
enough to prevent organic fouling on the active layer for at least 30 days [67]. 
 
1.2.6.2. Scaling 
 Scaling can be described as fouling caused by salts which are concentrated 
beyond their solubility limit and precipitate onto the membrane surface [407]. Scaling 
has been widely discussed in RO systems [408], and most of the findings are also 
applicable in osmotically driven membrane processes. Scaling usually limits the capital 
cost of the circulating pumps and the pipes, and increases the energy required for the 
circulation of the draw solution. The emergence and severity of scaling mostly depends 
on the concentration and the solubility of the compounds causing it, and scaling only 
occurs if the concentration of scalant locally exceeds the saturation value. Indeed, using 
calcium sulphate under the saturation concentration, Zhang et al. noted the appearance 
of gypsum scaling inside the membrane support layer, due to the local exceeding of 
saturation concentration. The saturation index reached 4.0 at the interface between the 
active layer and the support layer, although the saturation index of the bulk solution 
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was 0.8 [409]. Li et al. also investigated silica scaling during seawater desalination by 
FO, reporting the polymerization of dissolved silica as the dominant fouling mechanism 
occurring [27]. When the crossflow velocity (CFV) decreased from 16.7 to 4.2 cm.s-1, 
a fouling layer principally due to the polymerization of dissolved silica appear and the 
flux decrease for about 20%. It has also been reported that silica fouling layer facilitate 
the deposition of NOMs onto the membrane surface [132]. It has to be noted that most 
of the studies on scaling uses gypsum as a model, which is independent of the pH of 
the solution, and also has a high solubility [26, 410-412]. Actually, scaling can also be 
caused by other alkaline species (calcium carbonate, calcium phosphate), or silica-
based species [413, 414]. The scaling caused by these last species are also dependent 
on the pH, which can change locally due to the diffusion of H+ or OH-. Therefore, more 
studies on scaling in osmotically driven membrane processes are necessary. 
 
1.2.6.3. Biofouling 
In membrane processes, biofouling describes the deposition and the development 
of microbial communities onto the membrane surface, which is enhanced by the 
presence of nutrients in the feed solution [415, 416]. These colonies form a biofilm 
composed of dead and living cells producing and releasing extracellular polymeric 
substances (EPSs) enhancing the detrimental impact of the biofilm and reducing the 
filtration performances [417]. Biofouling is usually considered as the most recalcitrant 
among the different types of fouling mechanisms [418]. Indeed, as soon as a biofilm 
develops on the membrane, physical and chemical cleaning strategies fail to efficiently 
recover the initial membrane performances because of the strong adhesion of the layer 
of EPSs [419]. Several studies have been conducted, with pressure-driven membrane 
processes, to assess the impact of biofouling on permeate flux, membrane rejection, and 
fouling control [415, 418, 420, 421]. However, biofouling occurring during FO 
processes mostly focused on the characterization of the biofilm and the comparison 
with pressure-driven membrane processes. Important differences have been found 
between FO and RO concerning the biofilm size and composition. Indeed, FO biofilms 
are less compact than with RO, which moderately reduces the permeate flux [422, 423]. 
FO biofouling is also more reversible than with RO, although physical cleaning 
strategies, used to remover other fouling types, still remain inefficient. Physical and 
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chemical cleaning strategies have been studied by Yoon et al. (2013) [423]. Their 
results shows that chlorine was effective for the control of biofouling in FO. In the 
meantime, a further chemical cleaning associated with a physical cleaning (high cross 
flow velocity) further improve its efficiency. Biofouling mitigation has also been 
investigated. It appears that the use of thick mesh spacers [424], or the reduction of 
phosphate in the feed solution [425], can efficiently reduce the impact of biofouling in 
FO. More generally, a pre-treatment of the feed solution and the modification of 
membrane properties seems to be the optimal strategies for biofouling mitigation [426-
428]. 
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2.1. Introduction 
Microalgae have attracted increasing attention due to their promising application 
in sustainable biofuel generation, wastewater remediation, carbon dioxide sequestration 
and pharmaceuticals production [429]. Despite the promise, one technical challenge 
remaining to be overcome is the high energy cost of algae harvesting and dewatering 
that accounts for 20-30 % of the total operating cost [430]. Conventional methods for 
microalgae dewatering include centrifugation, flocculation, sedimentation and any 
combination of these. But they are either prohibitively energy intensive, damaging algal 
cells, or negatively affecting biomass quality [431]. Pressure-driven membrane 
filtration processes such as ultrafiltration are alternative techniques for microalgae 
harvesting due to their higher separation efficiency, easy operation and no or little need 
of chemicals addition. Petrusevski et al. [432] reported to harvest microalgae with an 
overall intact biomass recovery between 70 % and 89 % by using tangential crossflow 
0.45 µm membrane filtration. However, these pressure-driven membrane processes are 
highly susceptible to fouling with much of them irreversible [433]. 
The forward osmosis (FO) membrane filtration process is an emerging and 
promising alternative for microalgae primary harvesting prior to further thickening and 
drying. It is a passive process that uses an osmotic pressure difference as the driving 
force. In the FO process, water moves across a semipermeable membrane from a feed 
solution of lower osmotic pressure (e.g., algal suspension) to a draw solution of higher 
osmotic pressure (e.g., desalination brine) [15]. In comparison with pressure-driven 
microfiltration and ultrafiltration, FO demonstrates unparalleled advantages of lower 
energy consumption, superior separation efficiency, potentially lower fouling tendency 
and more recovery of intact algal cells due to the lack of hydraulic pressure [434]. With 
the development of more efficient membranes, FO has been considered for various 
dewatering applications, such as pre-concentration of wastewater to facilitate the 
subsequent anaerobic digestion [435], landfill leachate dewatering [15] and 
concentration of fruit juice [436]. 
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In 2009, the National Aeronautics and Space Administration (NASA) proposed 
an elegant concept – a coastal floating system integrating photobioreactor and FO [437]. 
In brief, the system is designed to grow microalgae in sewage inside a plastic bag that 
floats offshore. The bag is made of FO membranes that allow fresh water to flow out 
into the ocean while concentrating the algal biomass. As long as the draw solution has 
higher osmotic pressure than the algal suspension in the feed side, the process can be 
carried out indefinitely with no other inputs. This technology is still in an early stage of 
development and significant processes of optimizations are required. Some critical 
issues remain unsolved. For example, high biomass concentration is expected in the 
concentrated feed water. This will cause potential fouling problem, which can reduce 
algae dewatering efficiency and increase the overall operating costs and membrane 
degradation. Understanding the fundamental mechanisms and consequences of 
membrane fouling is critical to develop efficient and cost-effective fouling control 
strategies and, thus, enabling more sustainable application of FO membrane technology 
for microalgae dewatering.  
A variety of draw solutions have been explored for FO applications, such as 
naturally available ocean water [438], brine from desalination plants [439], thermolytic 
salt  ammonium bicarbonate and various simple electrolytes (e.g., NaCl and MgCl2) 
[361]. Amongst these, the use of desalination brine for algae dewatering is most 
promising because (1) it is usually viewed as an unwanted residue and thus cheap; (2) 
it contains a significant amount of osmotic energy due to its very high salinity; (3) 
disposal of large quantities of brine can be very costly and there is an increasing concern 
over the adverse environmental and ecological impacts of brine disposal. When brine 
is used to draw clean water out of algae suspension in the FO process, the high quality 
permeate water mixes with the brine and substantially reduces its concentration. Thus 
the algae dewatering process also allows cost effective and environmentally friendly 
brine disposal.  
The back diffusion of salts from draw solution to feed solution may induce 
complicated interactions with algal biomass and thus the draw solution chemistry may 
play an important role in the FO performance for algae dewatering. Zou et al. [32] 
highlighted the adverse impact of Mg2+ ions, that bind with carboxylic acid functional 
groups during the concentration of Chlorella sorokiniana and thus cause a severe flux 
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decline. Given the diversity of draw solutions and complexity of algal biomass, further 
research efforts are necessary to better understand the FO process applied for algal 
dewatering. For example, the intricate relationship between draw solution types, algal 
species, membrane fouling behaviour, and algal dewatering efficiency is still poorly 
understood. In addition, more study is needed to determine the maximum achievable 
algae concentration level, which depends on membrane type and orientation [358], 
module configuration and hydrodynamic conditions (e.g., spacer design) [440], and 
feed/draw solution composition and concentration [17]. These factors influence mass 
transfer, internal concentration polarization (ICP) and membrane fouling and thus 
govern the FO performance.  
As a first step towards filling these knowledge gaps, we conducted a study of 
green algae Scenedesmus obliquus dewatering by commercially available FO 
membranes. S. obliquus was selected as model microalgae because it is often applied 
for biofuels production and wastewater treatment [441]. The objectives of this study 
were to (1) systematically investigate the effect of draw solution chemistry on flux 
behavior and algal dewatering efficiency; and (2) develop a fundamental understanding 
of the membrane fouling mechanisms involved during algal dewatering process with 
FO, by combining the data derived from filtration experiments and microalgae 
suspension/membrane characterization. The effect of orientation, membrane type and 
feed spacer were also investigated. The findings of this study provide comprehensive 
insights into the FO process design in terms of draw solution selection, membrane 
module design and fouling control.  
 
2.2. Materials and Methods 
2.2.1. Microalgae Cultivation and Characterization  
Freshwater green algae Scenedesmus obliquus was obtained from Culture 
Collection of Algae and Protozoa (CCAP, UK). The alga has an ellipsoidal shape and 
is around 5 µm in width and 10 µm in length based on microscopic observation 
(Olympus IX71, Olympus Corporation, Tokyo, Japan). S. obliquus was cultivated in 
modified BG-11 medium (Appendix 1) following the recommendations of CCAP. 
Suspensions were continuously stirred and lit with fluorescent lights at 100 μmol 
photons/m2·s. Air (75 L/h), naturally containing a small portion of CO2, was also 
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sparged into the photobioreactor, using an aquarium pump, to maintain optimal algal 
growth. The pH of the culture ranged from 6.5 to 7.5 depending on the growth phase. 
The growth of S. obliquus was periodically monitored by measuring its optical density 
with a spectrophotometer (Helios Zeta, Thermo Scientific, UK) at 435 nm wavelength 
[442]. The optical density was correlated to the algae concentration using a calibration 
curve (Appendix 2). The microalgae suspension was harvested at the end of exponential 
phase when its concentration reached 2-3 g dry weight/L. This stock solution of 
microalgal biomass was diluted in BG-11 medium for the preparation of the feed 
solution (containing 0.2 g/L algal biomass) used in all FO experiments, to mimic the 
algae concentration obtained in raceway ponds [443]. In the BG-11 medium, the algal 
cells exhibited negatively zeta potential of 15.45 ± 1.87 mV (Zetasizer nano, Malvern 
Instruments Ltd, UK).  
    
2.2.2. Draw Solution Chemistry  
Draw solution chemistries investigated for FO experiments included simple 
electrolytes (NaCl, MgCl2 and CaCl2) and a commercial sea salt. All salts were ACS 
reagent grade (Sigma-Aldrich, UK). The draw solution was made by dissolving each 
type of solute to achieve the desired concentrations. The concentration of sea salt was 
70 g/L to mimic the salinity of brine from typical reverse osmosis (RO) desalination 
plant [444]. The ionic composition of 70 g/L sea salt is provided in Table 2.1 (calculated 
from manufacturer’s data). The osmotic pressure of feed solution and all draw solutions 
was determined from: 
CRT   
where  is the osmotic pressure (Pa), β is the dimensionless Van’t Hoff factor, C is the 
molar concentration of solute, R is the gas constant (8.314 m3·Pa/K·mol) and T is the 
absolute temperature (K). The feed solution had a much lower osmotic pressure (0.9 
bar) than the draw solutions. Thus FO driving force that causes the movement of water 
through membrane from algal biomass side (feed solution) to draw solution is 
dominated by the draw solution composition. In order to conduct a meaningful 
comparison of filtration performance between different draw solutions, 68.96 g/L NaCl 
2.1 
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(55.1 bar), 86.55 g/L MgCl2 (87.7 bar) and 114.31 g/L CaCl2 (80.8 bar) were used to 
achieve the same initial permeate flux (~ 7 L/m2/h) with 70 g/L (55.3 bar) sea salt. 
These solute concentrations were determined experimentally using the setup used for 
all dewatering experiments. 
 
Table 2.1 - Ionic composition of 70 g/l sea salt solution. 
Major Ion Symbol Concentration (g/L) Mass Ratio (%) 
Chloride Cl- 39.55 56.50 
Sodium Na+ 22.10 31.57 
Sulfate SO42- 3.40 4.86 
Magnesium Mg2+ 2.71 3.87 
Potassium K+ 0.86 1.23 
Calcium Ca2+ 0.82 1.17 
Bicarbonate HCO3- 0.41 0.59 
Bromide Br- 0.155 0.16 
Strontium Sr2+ 1.8·10-2 0.03 
Boron B(OH)3 1.1·10-2 0.02 
 
 
2.2.3. FO Membranes 
Two commercial FO membranes (CTA and TFC) were used in this study. Both 
membranes were provided by Hydration Technologies, Inc. (Albany, OR, USA). CTA 
has a dense selective layer (active layer) made of cellulose triacetate and TFC has an 
active layer made of polyamide. Both membranes have asymmetric structure with the 
active layer supported by embedded polyester screen mesh to enhance their mechanical 
strength. Both membrane orientations, active layer facing feed solution (AL-FS) and 
active layer facing draw solution (AL-DS), were tested.  
The pure water permeability (A) and solute permeability (B) of the FO membranes 
were determined at 25 ± 1 °C in a pressurized dead-end filtration test unit (Millipore, 
UK) with a stirring speed of 6 x g to minimize external concentration polarization on 
the membrane surface. The effective membrane area was 40 cm2. The pure water 
permeability was determined by measuring the permeate water flux over a range of 
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applied pressures (1 – 5 bar). An example of the determination of the pure water 
permeability is given in Appendix 3. Using a feed solution containing 10 mM of 
individual simple electrolyte or commercial sea salt, the rejection of the corresponding 
solutes was calculated from feed and permeate conductivity measurements (Ultrameter 
II, Myron L Company, CA, USA). The solute permeability was calculated based on the 
solution-diffusion theory [445]: 
  





 1
1
sR
PAB 
 
 
where ΔP and  are the hydraulic pressure difference and osmotic pressure difference 
across the membrane, respectively; Rs is the rejection of specific solutes. 
 
2.2.4. FO Experimental Setup 
All FO experiments were conducted using a custom fabricated bench-scale 
crossflow FO system (Figure 2.1), which is similar to that described in previous studies 
[21, 446, 447]. Conceptual illustration of microalgae dewatering by FO is depicted in 
Appendix 4. Briefly, a membrane coupon with an effective area of 200 cm2 was housed 
in a cross-flow membrane cell. Diamond-patterned spacers were obtained from a 
commercial FO spiral wound module (HTI, OsMem™) and placed on both sides of the 
membrane to promote mass transfer [348]. Counter-current flow was used to circulate 
both feed and draw solutions on both sides of membrane using a variable-speed 
peristaltic pump (Cole-Parmer, Vernon Hills, IL, USA). The cross-flow velocities were 
maintained at 9.6 cm/s during all experiments on both side of the membrane. The feed 
solution was well mixed by a magnetic stirrer to prevent microalgae sedimentation. The 
draw solution tank was placed on a digital scale (Denver Instrument, Denver, USA) and 
weight changes as a function of time were used to determine permeate water flux. The 
solution temperature was maintained at 25 ± 1 °C using a recirculating water 
chiller/heater (Fisher Scientific, Loughborough, UK). Samples from the feed tank and 
draw solution tank were taken at specified time intervals for conductivity measurement.  
2.2 
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Figure 2.1 - Schematic of laboratory forward osmosis system 
 
2.2.5. Protocols of Algae Dewatering by FO Membrane Filtration  
FO algae dewatering experiments comprised three steps: (1) equilibration, (2) 
algae dewatering, and (3) cleaning. First, membrane coupon was equilibrated with BG-
11 medium as feed solution and desired draw solution for at least 30 min until a stable 
water flux was achieved. This flux was recorded as initial flux. Second, algae 
dewatering was initiated with 1 L of algae suspension (0.2 g/L) in feed tank and 6 L of 
draw solution. The FO filtrations were considered complete when the concentration 
factor reached 4 (750 mL of permeate was extracted from the original algal suspension), 
which took 4.5-6.5 hours depending on membrane type, orientation and draw solution 
chemistry. To minimize the impact of draw solution dilution on FO performance, draw 
solution concentration was monitored by conductivity measurement and maintained 
constant by manually dosing from a concentrated stock solution every 15 min [448]. 
To quantify the permeate flux loss caused by algae fouling, baseline experiments were 
also conducted under identical conditions to the corresponding algae FO experiments, 
except no algae biomass was added into the feed solution. The flux loss caused by algae 
fouling was determined by: 
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where wJ  is normalized water flux loss, Jw,a and Jw,b are water flux in algae dewatering 
test and baseline test at specific concentration factor, respectively.  
At the end of algae dewatering experiments, both feed and draw solution tanks 
were emptied and the membrane system was rinsed with deionized water at a crossflow 
velocity of 19.2 cm/s for 30 min. After rinsing, permeate water flux was measured to 
determine flux recovery (cleaning efficiency). Conditions for this flux test were 
identical to those for initial water flux test of the virgin membrane (as mentioned above). 
To further clean the fouled membrane, osmotic backwashing with deionized water as 
draw solution and salt water as feed solution was performed for 30 min. The permeate 
flux was then measured again to determine flux recovery with the conditions identical 
to those for initial water flux test. Flux recover was determined from:  
Flux recovery = 
0,
,
w
cw
J
J
  
where 0,wJ and cwJ , are initial water flux and water flux after cleaning, respectively.   
   
2.2.6. Extracellular Proteins and Carbohydrates Analysis 
At specified time intervals, feed samples (15 ml) were taken and centrifuged at 6 
x g for 20 min. Protein concentration in the supernatant was determined using the 
modified Lowry method with bovine serum albumin as a standard [449]. Carbohydrate 
concentration was determined using phenol-sulfuric acid method with glucose as a 
standard [450]. Total extracellular protein/carbohydrate contents (mg) in the feed 
solution were then calculated from the product of protein/carbohydrate concentrations 
(mg/L) and feed volume at the time when the samples were taken.  
 
2.3 
2.4 
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2.3. Results and Discussion 
2.3.1. Membranes Performance Parameters  
Table 2.2 shows the pure water permeability (A), solute permeability (B), and 
selectivity (B/A) of the FO membranes used. The A value of CTA membrane was about 
half that of the TFC membrane. This is consistent with the finding by Ren and 
McCutcheon [451]. The lower B/A ratios of CTA membrane indicate its better salt 
rejection compared to TFC membrane. For both membranes, the B values followed the 
same order of decline: NaCl > sea salts > MgCl2 > CaCl2. The higher B value of NaCl 
is attributed to the smaller hydrated radius and lower electrical charge of Na+ compared 
to Mg2+ and Ca2+ [452, 453].  
 
Table 2.2 - Membrane performance parameters. 
Membrane CTA TFC 
Water permeability 
(m/s.Pa) 
A 1.51 x10-12 2.78 x10-12 
Solute permeability 
(m/s) 
Bseasalts 5.08 x10-8 1.54 x10-7 
BNaCl 9.07 x10-7 4.34 x10-7 
BMgCl2 4.69 x10-8 1.18 x10-7 
BCaCl2 3.57 x10-8 0.98 x10-7 
Selectivity (KPa) 
Bseasalts / A 34 55 
BNaCl / A 60 156 
BMgCl2 / A 31 42 
BCaCl2 / A 24 35 
 
  
CHAPTER 2 – Microalgae (Scenedesmus obliquus) Dewatering using Forward Osmosis 
Membrane: Influence of Draw Solution Chemistry 
 
83 
 
2.3.2. Flux Decline during Dewatering of S. obliquus by FO membranes  
This section shows the water flux behaviour during the filtration of Scenedesmus 
obliquus with sea salts as draw solution. The filtration flux as a function of volumetric 
concentration factor for both baseline and algae dewatering experiments are 
summarized in Figure 2.2a. The method and calculations necessary for the realization 
of Figure 2.2 is described in Appendix 5, for the CTA membrane with the AL-FS 
orientation. In all cases, water flux declined with the increase of concentration factor. 
The flux decline is attributed to (1) membrane fouling and (2) a loss of osmotic driving 
force across the FO membrane due to an enhanced salinity in the feed solution. To better 
understand membrane fouling during algae dewatering, it is necessary to separate the 
effect from feed salinity increment. In this regards, the baseline flux was discussed first.  
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Figure 2.2 - Changes of water flux and feed conductivity as a function of volumetric 
concentration factor for CTA and TFC membranes: (a) water flux in baseline and 
algae dewatering experiments; (b) normalized flux loss; and (c) conductivity in the 
feed solution. The draw solution contained 70 g/L sea salt. 
 
For both CTA and TFC membranes, the initial baseline flux in the AL-FS 
orientation was lower than that in the AL-DS orientation. This observation is consistent 
with previous studies and is due to the fact that the dilutive internal concentration 
polarization (ICP) in the AL-FS orientation has greater effect on water flux compared 
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to the concentrative ICP effect in the AL-DS orientation [348, 358, 445]. In all the 
baseline tests, water flux declined with the increase of concentration factor. This decline 
is caused by a reduction of the osmotic driving force across the membrane active layer, 
due to (1) an increase in feed solution concentration as pure water was “pumped” from 
feed to draw solution; and (2) the back diffusion of draw solutes into the feed solution. 
As the water flux is plotted as a function of concentration factor in Figure 2.2a, a greater 
flux decline rate indicates a more severe effect of draw solutes reverse diffusion. When 
active layer was facing the feed solution, the TFC membrane achieved a higher initial 
water flux (8.42 L/m2h) than CTA membrane (6.71 L/m2h). The higher initial flux of 
TFC membrane is consistent with its higher A value (Table 2.2). However, the TFC 
membrane exhibited a more noticeable flux decline. At the end of baseline tests, TFC 
membrane showed a greater flux reduction (20.3 %) than CTA membrane (11 %). The 
greater flux decline of TFC is due to its lower salt rejection (indicated by a higher B/A 
value) which leads to more back diffusion of draw solutes (Figure 2.2c). In the AL-DS 
orientation, TFC exhibited a lower initial flux (8.97 L/m2h) than CTA membrane (9.98 
L/m2h). Considering its higher A value, this phenomenon indicates that an immediate 
back diffusion of draw solutes took place during the equilibration step. Draw solutes 
diffused through the membrane active layer accumulate in the porous support layer to 
exacerbate ICP effect which causes a reduction in the effective osmotic driving force 
and thus a lower water flux. At the end of baseline tests, TFC membrane exhibited a 
much greater flux reduction (61.3 %) compared to CTA membrane (23.8 %). This can 
be explained by its more severe draw solutes back diffusion (Figure 2.2c). For both 
membranes, flux decline rate was more significant in the AL-DS orientation 
(particularly for TFC membrane), indicating that the effect of draw solute back 
diffusion on water flux reduction is more severe (due to the reverse solute diffusion 
induced ICP) when active layer is facing the draw solution.        
The degree of membrane fouling was assessed by comparing the water flux of 
algae dewatering experiments to its corresponding baseline flux. Figure 2.2b presents 
the normalized flux loss due to algae fouling. Generally, flux loss in the AL-DS 
orientation increased more drastically with the increase of concentration factor than that 
in the other orientation. This demonstrates that more severe algae fouling occurred 
when active layer was facing the draw solution. In the AL-DS orientation, the flux loss 
increased instantaneously after algae was added into the feed solution, and then slowed 
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down. At the end of tests, the water flux was significantly declined by 59.5 % for TFC 
membrane and 45.1 % for CTA membrane. Such severe membrane fouling can be 
caused by a combination of (1) internal adsorption of algal biomass inside the porous 
support layer of membrane which results in an increase of hydraulic resistance; and (2) 
pore clogging enhanced concentrative ICP due to the reduction of mass transfer 
coefficient in the membrane support layer [21, 445]. In contrast, the AL-FS orientation 
exhibited a superior fouling resistance. At the end of test, water flux loss was less than 
15 % for both membranes. The marginal membrane fouling is attributed to the 
deposition of algal biomass onto the active layer surface which can change the effective 
pore size of the membrane through sealing the molecular-scale defects and introducing 
an additional barrier to restrict the transport of water molecules [21].      
Membrane cleaning experiments were performed immediately after algae 
dewatering in order to test the fouling reversibility. Figure 2.3 presents the flux recovery 
after cleaning with deionized water flushing and by osmotic backwash. In the AL-FS 
orientation, water flux could be recovered up to 90 % of the initial flux by deionized 
water flushing and could be further recovered by osmotic backwashing. This suggests 
that algal biomass is loosely attached onto membrane surface, most of the membrane 
fouling is reversible by simple hydrodynamic cleaning steps. In this regard, algal 
dewatering by FO may offer a great benefit in eliminating the need for harsh chemical 
cleaning and air scouring, both of which are widely used for microfiltration and 
ultrafiltration fouling control but increase membrane degradation, energy consumption, 
and operating cost. Thus, FO has the promise for low-chemical and energy efficient 
microalgae dewatering. In the AL-DS orientation, the flux loss could not be recovered 
by deionized water flushing. The osmotic backwash was not very effective with the 
AL-DS orientation, with flux recovery of only 76% and 72% for CTA and TFC 
membrane, respectively. This observation indicates that algal biomass binds strongly 
to the internal structure of membrane support layer and this internal adsorption/clogging 
is the dominating fouling mechanism. Based on the above discussion, AL-FS 
outperformed AL-DS in the application of algae dewatering.   
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Figure 2.3 - Flux recovery after cleaning. Note that the flux after fouling is 
normalized by the flux at the end of baseline test, while the recovered flux after 
cleaning is normalized by the pure water flux of a clean membrane. Results are 
presented in percentages. 
 
To support above discussion that the back diffusion of draw solutes plays a key 
role in the flux loss during FO process, conductivity in the feed solution was measured 
along all the tests. The changes of feed conductivity against concentration factor are 
illustrated in Figure 2.2c. In all cases, feed conductivity increased with the increase of 
concentration factor. The enhanced conductivity is caused by (1) the extraction of pure 
water from feed to draw solution and (2) the reverse diffusion of draw solutes into the 
feed solution. As the conductivity is plotted as function of concentration factor, a 
greater increment rate indicates a more severe effect of draw solutes reverse diffusion. 
TFC membrane always exhibited a more remarkable enhancement in the feed 
conductivity than CTA membrane, indicating a greater draw solutes back diffusion. 
This is attributed to its lower salt rejection (indicated by a higher B/A value). It was also 
observed that the addition of S. obliquus in the feed solution increased the conductivity 
increment rate. For example, at the end of the test with TFC membrane in the AL-DS 
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orientation, the feed conductivity sharply increased to 24.3 mS/cm with the addition of 
algae in comparison with 15.3 mS/cm in the baseline test. This phenomenon indicates 
a greater draw solutes back diffusion during the algae dewatering process and offers an 
additional explanation for the flux loss caused by algae fouling which may cause the 
membrane to have less salt rejection. As these experiments were only carried out once, 
more work should be done to confirm these findings.   
To better understand the FO performance on algae dewatering and gain more 
insight into the adverse role of draw solutes back diffusion, the effect of draw solution 
chemistry on flux behavior and algal dewatering efficiency using CTA membrane in 
the AL-FS orientation was systematically investigated in next section. The selection of 
CTA membrane is due to its superior separation efficiency.  
 
2.3.3. Effect of Draw Solution Type on Algae Dewatering 
Figure 2.4a presents the water flux loss due to membrane fouling with different 
types of draw solution. Algae biomass did not cause much membrane fouling for NaCl 
and MgCl2 draw solutions during the whole filtration process (water flux loss was 
below 8 %). However, when Ca2+ ions were present in the draw solution, flux declined 
to a greater extent. At the end of experiments, the overall extent of flux loss followed 
the order of CaCl2 >> sea salts (containing 0.82 g/L of Ca
2+) > NaCl ≈ MgCl2. This 
finding indicates severe fouling will occur when CaCl2 is used as draw solution 
although CTA membrane was proven to have a better fouling resistance in the AL-FS 
orientation [454]. Thus, selection of a proper draw solution should be an important 
consideration for the FO application in algae dewatering.  
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Figure 2.4 - Influence of draw solution type on (a) water flux loss and (b) algal 
biomass concentration in the feed tank during S. obliquus dewatering by CTA 
membrane in the FS orientation. Error bars represent the standard deviations of the 
average values determined from two independent experiments. 
 
Figure 2.4b shows the algal biomass concentration in feed tank over the filtration 
process. The black dash line demonstrates the expected algae concentration as a 
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function of concentration factor, which should reach 0.8 g/L at the end of experiments 
if all the algae biomass can be harvested effectively. However, experimental results 
were always lower than the prediction. Because feed water was re-circulated back to 
the feed tank throughout the filtration test, the observed biomass loss is most probably 
attributed to algae deposition onto membrane and/or feed spacer. A greater loss 
indicates a more severe deposition. The overall algae harvesting efficiency followed 
the order of sea salts ≈ NaCl > MgCl2 > CaCl2. When CaCl2 was used as draw solution, 
the greatest loss in both water flux (70.9 %) and algal biomass (47.2 %) can be 
explained by the back diffusion of Ca2+ ions from draw solution into feed solution. 
However the lowest B value for CaCl2 (Table 2.2) indicates there is specific interactions 
between Ca2+ and algal biomass. Once diffused through the membrane, Ca2+ ions bind 
preferentially to oxygen atoms of carboxylate groups in a highly organized manner and 
form bridges between adjacent algal cells as well as their extracellular polysaccharides 
(EPSs) and soluble microbial products (SMPs), leading to the egg-box-shaped gel 
network [32, 455-457]. As a result, large microalgae flocs were formed in the feed tank 
(Figure 2.5c). The larger size of microalgae flocs may increase the compressibility of 
the fouling layers, leading to a greater overall hydraulic resistance [458]. Therefore, the 
use of CaCl2 as draw solution led to a severe loss in both algal biomass and water flux. 
When NaCl and MgCl2 were used as draw solution, water flux decline was found lower 
than 8 %. However, more than 25 % of algal biomass was lost at the end of experiment. 
This phenomenon suggests (1) most of the algae deposition takes place onto the mesh 
spacer in the feed channel rather than onto membrane and (2) the biomass deposited on 
feed spacer may not augment the hydraulic resistance significantly. The finding in this 
study disagree with a previous work by Zou et al. [32]. They showed a significant flux 
decline during Chlorella sorokiniana dewatering with MgCl2 as draw solution. These 
conflicting findings can be attributed to the different surface chemistry (such as charge, 
functional groups and free energy) between Scenedesmus obliquus and Chlorella 
sorokiniana used in the two studies. Scenedesmus obliquus differs from Chlorella 
sorokiniana in their cell wall chemical composition by the presence of a great 
concentration of mannose and fructose, which can bind/interact specifically with Ca2+ 
[459, 460]. Clearly, an optimal dewatering method depends on the species of 
microalgae. As presented in Table 2.1, sea salt contained 0.8 g/L of Ca2+ and 18 mg/L 
of Sr2+. The back diffusion of these divalent cations led to the formation of algal flocs 
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which could readily deposit onto membrane and feed spacer, resulting in 23.1 % of 
algal biomass lost from the feed and 16.3 % of water flux reduction when sea salt was 
used as draw solution. The higher flux loss with sea salt as draw solution compared to 
that with NaCl and MgCl2 is due to the strong gel formation ability of Ca
2+ (and Sr2+), 
which promotes membrane fouling [461]. As confirmed via microscopic observation 
(Figure 2.5), the size of algal flocs formed at the end of FO test followed the order: 
CaCl2 >> sea salt > MgCl2 ≈ NaCl. 
 
 
Figure 2.5 - Microscope image of feed solution after algal dewatering test with 
different draw solutions: (a) NaCl; (b) MgCl2; (c) CaCl2; and (d) sea salt. 
 
To further understand the mechanisms underneath the significant fouling with 
CaCl2 as draw solution, the amount of dissolved extracellular carbohydrates and 
proteins was determined in the feed solution, filtrated from microalgae (Figure 2.6). In 
all cases, protein level (below 3 mg) was more than two orders of magnitude lower than 
carbohydrate level. Furthermore, no obvious patterns of change were seen in the protein 
amount. Hence, the discussion below will focus on the changes in carbohydrate amount 
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throughout the algae dewatering experiments. When NaCl and MgCl2 were used as 
draw solution, carbohydrates amount showed a decline after FO filtration, followed by 
an increase to its initial level after deionized water flushing (Figure 2.6a). This trend 
indicates that the extracellular carbohydrates deposit onto membrane and/or feed spacer 
during the FO processes and the deposited compounds can be easily removed by simple 
flushing. In contrast, more carbohydrates were detected after filtration with Ca2+-
containing draw solutions. Particularly, the carbohydrates amount was up to 3 times 
higher than its initial value after filtration with CaCl2 as draw solution. The authors 
speculate that algal cells “leak” more carbohydrates after interacting with the Ca2+ ions 
back diffused from the draw solution. Indeed, a high local concentration of Ca2+ could 
cause disturbance in a complex mechanism involved in photosynthesis known as “Ca2+ 
signal”, which is also a response to stress conditions in the nutrition process [462, 463]. 
These carbohydrates, in turn, specifically bind with Ca2+ ions and further enhance the 
formation of gel network containing algal cells, Ca2+ ions, EPS and SMP [385, 445, 
454]. Further investigation needs to support this hypothesis.   
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Figure 2.6 - Extracellular (a) carbohydrate and (b) protein content in feed solution. 
Error bars shows standard deviation from triplicates analysis of the experiment 
samples. 
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2.3.4. Effect of Feed Spacer on Algae Dewatering 
To test our hypothesis that most algal biomass deposits onto and/or traps inside 
the feed spacer, FO experiments with sea salt as draw solution were performed without 
a spacer in the feed channel. Figure 2.7 shows the effect of feed spacer on algal biomass 
concentration. Without using a feed spacer, the experimentally measured biomass 
concentration was very close to the predicated values. At the end of test, over 95% of 
the algal biomass was harvested in the feed tank, significantly higher than that achieved 
with a feed spacer (around 75 %). These findings revealed a negative effect of using 
feed spacer on algae dewatering efficacy due to the easy accumulation of algal cells 
inside spacer. However, the beneficial effect of feed spacer is well known for both 
pressure-driven and osmotically driven membrane filtration thanks to the improved 
mass transfer (and thus the reduced external concentration polarization effect) over the 
membrane surface [33]. Hence, in the application FO for algae dewatering, feed spacer 
needs to be further optimized in terms of material and geometry to reduce the risk of 
cell accumulation into the spacer and enhance mass transfer over the membrane surface 
in the feed channel.   
 
Figure 2.7 - Effect of feed channel spacer on algal biomass concentration in the feed 
tank during S. obliquus dewatering by CTA membrane in the AL-FS orientation. The 
draw solution contained 70 g/L sea salt. Experiment took respectively 315min and 
480min, with and without feed spacer, highlighting the permeate flux difference due to 
the presence of feed spacer.  
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2.4. Conclusions  
This study explored the potential of utilizing FO as a low-energy and low-
chemical consuming process for microalgae dewatering. Effects of membrane 
orientation, draw solution chemistry and feed spacer were investigated. AL-FS 
orientation outperformed AL-DS orientation due to its much lower membrane fouling 
and greater cleaning efficiency. Algae dewatering by FO in the AL-FS orientation may 
eliminate the need for harsh chemical cleaning which not only shortens membrane life 
but also increases operating cost. When using reverse osmosis (RO) desalination brine 
as draw solution, the diluted brine offers additional benefits including reduced 
environmental impact of brine discharge together with reduced energy 
consumption/cost in RO desalination. In the AL-FS orientation, the efficiency and 
productivity of the dewatering process depended on draw solution chemistry. Among 
the four types of draw solution tested, NaCl exhibited best results. In contrast, for Ca2+-
containing draw solutions, back diffusion of Ca2+ ions into the feed solution encouraged 
Scenedesmus obliquus to excrete more carbohydrates, accelerated the formation of algal 
flocs, enhanced the rate and extent of flux decline and reduced the algae dewatering 
efficiency. In addition, a large amount of microalgae adhered onto feed spacer which 
negatively affects the whole process yield. Further studies on feed spacer optimization 
and FO dewatering of other algae species are necessary. The next chapter will 
investigate the fouling mechanisms observed with different microalgae species and the 
role of their cell wall composition. As NaCl did not induce a severe fouling, due to the 
absence of divalent cations, it will be excluded of the next study.   
  
CHAPTER 3 – Microalgal Biomass Dewatering using Forward Osmosis Membrane: 
Influence of Microalgae Species and Carbohydrates Composition 
3. Microalgal Biomass Dewatering using Forward Osmosis 
Membrane: Influence of Microalgae Species and 
Carbohydrates Composition 
 
3.1. Introduction  
Microalgae are recently considered as an excellent renewable energy feedstock 
due to their high-yield production without impinging on food crops [166]. In addition, 
microalgae are able to serve the roles of carbon dioxide sequestration and wastewater 
remediation by nutrients fixation [429]. Algae biomass can be also used to produce a 
variety of high-value products such as cosmetics, antioxidants and food supplements 
[261]. Despite such promises, due to their similar density to water [256], and usually 
very diluted cultures [4], separating and concentrating algae cells from the culture 
medium (algae dewatering) is one of the technical and economical bottlenecks to large-
scale microalgae production. Microalgae can be dewatered by conventional methods 
(such as centrifugation, flotation, chemical flocculation and sedimentation) and 
advanced pressure-driven membrane processes (such as microfiltration and 
ultrafiltration). The conventional methods are either highly energy intensive or require 
harmful chemical addition. Compared to conventional methods, membrane filtration 
requires lower energy but is prone to fouling which greatly reduces the algae dewatering 
efficiency and overall process sustainability. Thus, there is an innovation demand for 
more energy efficient and environmentally sustainable algae dewatering alternatives to 
overcome the many drawbacks of existing technologies. 
Forward osmosis (FO), an emerging membrane separation process, has recently 
been considered as a promising and sustainable dewatering technology [464, 465]. FO 
is based on the natural tendency of water to flow through a semi-permeable membrane 
from a feed solution of lower osmotic pressure (higher water chemical potential) to a 
draw solution of higher osmotic pressure (lower water chemical potential). The driving 
force for water movement is the osmotic pressure difference across membrane. The 
absence of external hydraulic pressure allows FO to offer many advantages including 
(1) low energy consumption if an appropriate draw solution is applied [435], (2) lower 
fouling propensity and higher cleaning efficiency and (3) greater recovery of unbroken 
algae cells. 
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Previously [464], we proposed to integrate FO and seawater reverse osmosis 
(SWRO) processes to significantly improve the energy efficiency and environmental 
sustainability of algae dewatering and existing desalination. Briefly, highly 
concentrated SWRO brine (osmotic pressure ~ 5.4 MPa) is used as draw solution to 
pull clean water through the FO membrane from algae culture in the feed side while the 
FO membrane with superior separation efficiency retains all algal biomass and thus 
enhances the algae concentration. During the FO dewatering process, most of 
membrane fouling is reversible by simple hydraulic flushing without any chemical 
addition. Meanwhile, the high quality FO permeate water mixes with the brine and 
substantially reduces its concentration. The diluted brine can be disposed back to the 
sea with minimal environmental impact or sent to the SWRO desalination process to 
further recover clean water. The dilution of brine significantly reduces the required 
hydraulic pressure and thus overall energy consumption during SWRO desalination 
process.  
Despite the low fouling tendency of FO, FO dewatering performance may still 
be adversely impacted by membrane fouling, resulting in lower water flux and algae 
recovery efficiency, shorter membrane life and greater operating cost [464]. FO fouling 
is reported to be governed by membrane characteristics and orientation, draw solution 
concentration and chemistry, feed water composition, and hydrodynamic conditions 
[407]. Compare to pressure-driven membrane process, FO has a unique mass transfer 
phenomenon called draw solute back diffusion that may play an important role in 
membrane fouling. Previously, FO was applied for Scenedesmus obliquus dewatering 
with various types of draw solution [464]. We found that the back diffusion of Ca2+ 
ions into the algae suspension on the feed side of membrane encouraged algae to release 
more carbohydrates and induced more severe fouling in comparison with Mg2+ and Na+. 
For example, significant water flux decline and algae biomass loss were observed due 
to membrane fouling when CaCl2 was used as draw solution. In contrast, Zou et al. 
reported a great membrane fouling when MgCl2 was used as draw solution to 
concentrate microalgae Chlorella sorokiniana [33]. These different observations can 
be attributed to the different characteristics (such as surface chemistry, cell size and 
morphology) of different algae species.  
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During the FO dewatering process, membrane fouling is caused by the 
deposition of algae cells and their released extracellular polysaccharides (EPS) on the 
membrane surface. Such fouling layer can be further fortified by the back diffusion of 
certain draw solutes. For example, Ca2+ ions bind specifically with the carboxylate 
functional groups at the interface of algae cells/EPS, and form egg-box-shaped gel 
network [32, 455, 466, 467]. Clearly, algae surface chemistry (such as charge, 
functional group and free energy) determined by cell wall composition can impact the 
interfacial forces between algae cell and membrane in the aqueous media [468]. Cell 
shape and size may further influence the cake layer structure and compactness [469-
471]. In addition, during the FO process, the cross-flow velocity in feed channel lifts 
algae particles away from membrane and thus reduces the cake layer formation [472]. 
However the shear force caused by feed pump may induce cell rupture and EPS 
production, both of which can enhance membrane fouling. Different algae species may 
have different sensitivity and response to this hydraulic stress and the salt stress caused 
by draw solute back diffusion, and thus are expected to exhibit different impacts on 
membrane fouling and overall algae dewatering efficiency. To realize a feasible FO 
dewatering process, selection of optimal microalgae species is essential.  However, to 
date, very little is known about the role of algae species-dependant characteristics (such 
as cell wall composition and stress sensitivity/response) on FO membrane performance. 
The objective of this work is to compare the FO dewatering performance in 
terms of water flux behaviour and algae dewatering efficiency between three freshwater 
microalgae species (Scenedesmus obliquus, Chlamydomonas reinhardtii, and Chlorella 
vulgaris).  Specific aims were to (1) examine the role of cell wall carbohydrate 
composition and demonstrate that it is a key factor affecting FO performance; (2) 
investigate the effect of hydraulic stress on the EPS production from the three algae 
species; and (3) identify the most suitable algae species for FO dewatering. Based on 
the results, important mechanisms and factors that govern FO fouling are discussed and 
elucidated. The findings of this study will provide important insights into the efficient 
operation of FO for algae dewatering in terms of optimal algae species selection, 
fouling control and FO system design, assisting the future development of FO 
technology for more effective microalgae dewatering.   
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3.2. Materials and methods 
3.2.1. Microalgae species, cultivation and characterization  
Three freshwater microalgae species (Scenedesmus obliquus, Chlamydomonas 
reinhardtii, and Chlorella vulgaris) were investigated in this study. They were selected 
due to their high lipid content, reaching over 50 % of the dry weight [138, 473], as well 
as excellent potential for wastewater treatment [474, 475], and CO2 capture [476, 477]. 
Pure cultures of them were obtained from the Culture Collection of Algae and Protozoa 
(CCAP, UK). Each species was individually cultivated in modified BG-11 medium 
with compositions described previously [464]. Algae suspensions were continuously 
stirred with air injected (75 L/h) at room temperature (25 ± 1 °C). Illumination was 
provided by fluorescent lamps (100 μmol photons/m2·s). The algae growth was 
periodically monitored by optical density measurement with a spectrophotometer 
(Helios Zeta, Thermo Scientific, UK) at 435 nm wavelength [442]. The pH of each 
algae suspension was maintained at 7±0.5 for the optimum algae growth. After 14 days 
of cultivation, 2-3 g dry weight/L of each algae species was obtained. This stock 
suspension was diluted with BG-11 medium to prepare the feed water for FO 
dewatering experiments and hydraulic stress tests.  
Based on microscopic observation (Olympus IX71, Olympus Corporation, Tokyo, 
Japan), S. obliquus has an ellipsoidal shape and is around 5 µm in width and 10 µm in 
length; C. reinhardtii has a circular shape with a diameter of around 10 µm and 
possesses two flagella; and C. vulgaris has a circular shape with a diameter of around 
5 µm. In the BG-11 medium, S. obliquus, C. reinhardtii and C. vulgaris exhibited 
negatively zeta potential of 15.45 ± 1.87 mV, 19.07 ± 0.75 mV, and 16.8 ± 1.15 mV, 
respectively (Zetasizer nano, Malvern Instruments Ltd., UK). 
 
3.2.2. FO membrane 
In all FO experiments, a new flat sheet cellulose triacetate (CTA) membrane 
(Hydration Technologies Innovation, Albany, OR, USA) was used. The membrane has 
an active layer made of CTA supported by an embedded woven mesh to enhance its 
mechanical strength [263]. Total membrane thickness is around 50 µm [478]. The 
membrane active layer exhibited a slightly negative zeta potential of approximately –
10 mV in 10 mM KCl at pH of 7±0.5 [479]. 
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3.2.3. Experimental setup and protocols for algae dewatering  
All algae dewatering experiments were conducted using a bench-scale FO 
membrane setup (Figure 2.1) that has been described previously [464]. A flat sheet 
membrane coupon was housed in a plate-and-frame membrane cell with two identical 
channels on both sides of the membrane. Diamond-patterned spacers were placed on 
either side of the membrane for additional support. Counter-current flow was applied 
with cross-flow rate on each side of the membrane controlled by a variable-speed 
peristaltic pump (Cole-Parmer, Vernon Hills, IL, USA). To prevent microalgae 
sedimentation, a magnetic stirrer was used to provide mixing in feed tank. Draw 
solution tank was placed on a digital scale (Denver Instrument, USA) which was 
interfaced with an automatic data acquisition system to determine permeate water flux. 
The temperature of both feed and draw solutions was kept constant using a re-
circulating water chiller (Fisher Scientific, Loughborough, UK). Samples from feed 
tank were taken periodically to measure pH, conductivity and algae biomass 
concentration.  
ACS reagent grade sea salts, MgCl2, and CaCl2 (Sigma-Aldrich, UK) were used 
to make the draw solutions. The sea salts concentration was 70 g/L to mimic the salinity 
of desalination brine [444], and its composition has been reported previously [464]. In 
order to have a meaningful comparison of FO performance, 86.5 g/L MgCl2 and 114.3 
g/L CaCl2 were used to achieve a same initial permeate flux of 7 L/m
2·h with 70 g/L 
sea salts. 
At the start of each algae dewatering experiment, a fresh membrane coupon was 
placed in the membrane cell with membrane active layer facing the feed solution. The 
FO membrane was first stabilized with BG-11 medium as feed solution and desired 
draw solution for 30 min to achieve a stable water flux. Algae dewatering was then 
initiated with 1 L of algae suspension (0.2 g/L of algae biomass) in the feed tank and 6 
L of draw solution. Each FO experiment was continued until the initial algae suspension 
was concentrated by 4 times (permeate volume of 750 mL was attained). Other 
experimental conditions included temperature of 25 ± 1 °C and cross-flow velocity of 
9.6 cm/s for both feed and draw solution sides. The extent of algae fouling was 
represented by the flux decline curves obtained during algae dewatering tests corrected 
by the water flux obtained from the baseline tests conducted with each solutes 
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investigated, and where no algae biomass was added into the feed solution. Permeate 
flux loss caused by algae fouling was calculated by: 
bw
aw
w
J
J
J
,
,
1  
where 
wJ is normalized water flux loss, awJ ,  and bwJ , are water flux in algae 
dewatering test and baseline test at specific concentration factor, respectively. 
To determine the algae dewatering efficiency of FO, algae biomass concentration 
in the feed tank was measured at specified time intervals. The algae dewatering 
efficiency was calculated by: 
CFX
X
R
i
f

  
where R is the algae dewatering efficiency (or recovery rate), iX  and fX are algae 
biomass concentration in the initial suspension before FO dewatering experiments and 
in the final feed tank (which is the algae suspension available for downstream 
processing), respectively. C F  is the concentration factor. The FO dewatering 
experiments were very reproducible, as shown in Appendix 3. Therefore, not all the 
experiments were replicated and no error bars were provided for the flux loss and 
biomass recovery data.    
 
3.2.4. Hydraulic stress test 
To examine the impact of hydraulic stress on the production of extracellular 
carbohydrate by microalgae, simple tests were conducted. For each algae species, three 
conical flasks containing 200 mL of algae suspension (0.2 g/L) were prepared from the 
same stock suspension. Flask-1 was placed on a benchtop shaker with rotating speed of 
150 rpm. Flask-2 was placed on a magnetic stir plate so that the algae suspension could 
be continuously mixed. Flask-3 was also placed on a magnetic stir plate with same 
stirring speed as Flask-2. In addition, the algae suspension in Flask-3 was continuously 
recirculated at a flowrate of 0.576 L/min (identical to that used in FO experiments) by 
a peristaltic pump. Other experimental conditions kept same for the three flasks. After 
3.1 
3.2 
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6 hours, 20 mL samples were collected from each flask and the concentration of 
extracellular carbohydrate was then determined as described in Section 2.5.  
3.2.5. Extracellular carbohydrate analysis 
In order to elucidate the response of microalgae to (1) various hydraulic stress 
conditions and (2) back diffusion of draw solutes during FO filtration, the amount of 
extracellular carbohydrate was examined. Briefly, algae suspensions were centrifuged 
at 6 x g for 20 min to pellet the cells. 2 ml of the supernatant was then filtered through 
a 0.2 µm hydrophilic nylon filter (Millipore, UK). Carbohydrates concentration in the 
filtrate was analysed by phenol-sulphuric acid assay with glucose as a standard [450]. 
For the feed samples during algae dewatering experiments, total extracellular 
carbohydrate contents (mg) were then calculated from the product of the carbohydrate 
concentrations (mg/L) and feed volume at the time when the samples were taken. All 
samples were prepared in triplicates. Data were analysed by one-way ANOVA. The 
carbohydrate values obtained in different conditions were compared using a Tukey's 
multiple comparison test (Prism 4, GraphPad Software, San Diego, CA). Differences 
at the < 5% level were considered significant and discussed.  
 
3.3. Results and discussion  
3.3.1. Algae species affect FO dewatering performance 
During FO dewatering experiments, clean water permeates from the algae 
suspension on the feed side to the draw solution side due to the osmotic pressure 
difference across the membrane. Microalgae cells and their EPS are retained by the 
membrane active layer due to the high retention nature of membrane, resulting in the 
accumulation of algae biomass onto the membrane surface. Such algae accumulation 
leads to (1) cake layer formation and pore blocking, both of which enhance membrane 
resistance to the water permeation, and (2) an enhanced salt concentration in the cake 
layer by hindering the back diffusion of salts from the membrane surface to bulk feed 
solution, a phenomenon called cake enhanced concentration polarization (CECP), 
which increases the osmotic pressure on the membrane surface and thus reduces the net 
osmotic driving force across membrane active layer for permeate water flux [480]. As 
a result, water flux loss was observed over the course of all FO dewatering experiments 
(Figure 3.1). For example, the FO membrane experienced a drastic flux loss (up to 
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70.9 %) when S. obliquus suspension was concentrated with CaCl2 draw solute. In 
addition to algae deposition onto membrane surface, algae biomass may trap inside the 
feed spacer [464]. Such algae deposition and trapping reduce the amount of biomass 
that can be recovered for downstream processes and thus reduce the overall dewatering 
efficiency. Thus, the FO membrane performances were evaluated by (1) water flux loss 
and (2) algae dewatering efficiency in the algae dewatering experiments.  
 
 
Figure 3.1 – Evolution of the loss of water flux (%), calculated from Equation 3.1, 
during all experiments conducted. 
 
Figure 3.1 presents the permeate water flux loss due to membrane fouling at the 
end of microalgae dewatering tests when concentration factor reached 4. With same 
experimental conditions, the tests were carried out with different algae species. For 
Ca2+-containing draw solutions, the overall extent of water flux loss followed the order 
of S. obliquus > C. reinhardtii > C. vulgaris. For example, with CaCl2 as draw solution, 
flux loss was 70.9 %, 13.1 % and 5.3 % for S. obliquus, C. reinhardtii, and C. vulgaris, 
respectively. With sea salts (containing 0.82 g/L Ca2+) as draw solution, flux loss was 
16.3 %, 10.8 % and 8.1 % for S. obliquus, C. reinhardtii, and C. vulgaris, respectively. 
Previous studies attributed the severe water flux loss with Ca2+-containing draw 
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solutions to the back diffusion of Ca2+ and subsequent Ca2+ complexation mechanism 
[481]. Once diffused through the membrane into the feed water, divalent calcium ions 
formed bridges between the carboxylate functionality on algae cells and their EPS 
interfaces producing much stronger attraction [466, 481]. As a result, a stable and dense 
cross-linked gel network was developed on the membrane active layer surface. This 
tightly bound fouling layer accelerated the CECP phenomenon and enhanced overall 
resistance to water permeation, leading to a significant water flux loss. The results in 
Figure 3.1 indicate that S. obliquus is most sensitive to the back diffusion of Ca2+, 
followed by C. reinhardtii. For S. obliquus, the final water flux loss followed the order 
of CaCl2 >> sea salts > MgCl2. C. reinhardtii exhibited a similar trend but to a lower 
extend. In contrast, C. vulgaris did not cause obvious membrane fouling for all draw 
solutions (water flux loss was below 8.1 %) without remarkable response to the back 
diffusion of Ca2+. We propose the difference in calcium complexation and fouling 
potential specific for each algae species to their different cell wall composition which 
will be further explored in Section 4.3.4. 
When MgCl2 was used as draw solution, all three algae species did not cause 
much membrane fouling. The extent of final flux loss followed the order of C. vulgaris > 
C. reinhardtii > S. obliquus. The extremely low fouling behaviour of S. obliquus with 
MgCl2 draw solution can be attributed to its ellipsoidal shape, which prevented the tight 
packing of cells on the membrane surface and thus reduced the blocking of water 
passage [482]. However, this low fouling propensity may more likely be due to 
magnesium binding behaviour with carboxylate functional groups, as further explained 
in the next sections. 
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Figure 3.2 - Water flux loss, calculated from Equation 3.1, at the end of single 
microalgae dewatering experiments when concentration factor reached four. 
 
Figure 3.2 presents the microalgae dewatering efficiency when S. obliquus, C. 
reinhardtii, and C. vulgaris suspensions were harvested by FO process with various 
draw solutions. A lower value indicates more algal biomass lost during the dewatering 
process due to deposition onto membrane surface or trapping inside the feed spacer. 
For S. obliquus and C. reinhardtii, much greater algal biomass loss was observed with 
0.91 mol/L MgCl2 or 1.03 mol/L CaCl2 draw solution, compared with sea salts draw 
solution (containing 0.11 mol/L Mg2+ and 0.02 mol/L Ca2+). Given the faster back 
diffusion of Mg2+/Ca2+ into feed water when MgCl2 or CaCl2 was used as draw solution 
(due to their much higher concentration) compared with sea salts draw solution, the 
greater biomass loss with MgCl2/CaCl2 draw solutions indicates that S. obliquus and C. 
reinhardtii are sensitive to the back diffusion of divalent cations. As discussed above, 
once diffused through the membrane, calcium-carboxylate complex formation 
exacerbates the deposition of algal cells onto membrane and/or feed spacer. This leads 
to the algal biomass loss (41.0% for S. obliquus and 34.3% for C. reinhardtii) and water 
flux decline (70.9% for S. obliquus and 13.1% for C. reinhardtii) governed by enhanced 
membrane resistance and CECP with CaCl2 draw solution.  
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When MgCl2 was used as draw solution, 30.8% of S. obliquus and 36% of C. 
reinhardtii were lost during the FO dewatering process however no obvious water flux 
decline (below 5%) was observed. Possible explanations are proposed below. Mg2+ has 
almost same rate of back diffusion with Ca2+ [386], and can form complexes with algal 
cells and their EPS matrix via specific ion interaction and charge neutralization [466, 
483]. This complexation of magnesium ions to algal biomass results in the flocculation 
of algae cells (Figures 3.4a and 3.4b), accumulation of biomass onto membrane surface 
and/or trapping inside feed mesh spacer, and thus a reduced algae dewatering efficiency. 
However, magnesium ions are much less effective in terms of binding with carboxylate 
functional groups [484], and form smaller algae flocs in comparison with calcium ions 
(Figure 3.3a and 3.3b). As a result, the deposited algal biomass introduces a looser and 
less compact cake layer that has lower cake resistance and less effect of CECP [469, 
470], leading to a negligible water flux loss for MgCl2 draw solution during the whole 
FO dewatering process.  
In contrast, the dewatering efficiency (recovery rate) of C. vulgaris is practically 
similar for the three types of draw solution with all recovery rates above 80% which is 
comparable to the algae recovery rate achieved by pressure-driven membrane processes 
[482, 485]. This indicates (1) the FO process can efficiently recover C. vulgaris from 
water regardless of draw solution chemistry; and (2) the functionality at the interface 
of C. vulgaris cells and/or their EPS matrix has little affinity to divalent cations and C. 
vulgaris biomass has less fouling propensity. Clearly the FO dewatering method to be 
used greatly depends on the species of microalgae considered. The promising 
dewatering performance with C. vulgaris in terms of prominent dewatering efficiency 
and insignificant flux loss reveals that C. vulgaris is more suitable to be harvested by 
FO membrane process compared to the other two species. In the following sections, we 
explore the potential causes behind the different FO membrane fouling behaviour of 
the 3 algae species.  
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Figure 3.3 - Microalgae dewatering efficiency, calculated from Equation 3.2, at the 
end of single FO experiments when concentration factor reached four. 
 
 
 
Figure 3.4 - Microscope images of feed solution after FO dewatering experiments for 
(a) S. obliquus; (b) C. reinhardtii; and (c) C. vulgaris. 
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3.3.2. Extracellular carbohydrate production under hydraulic stress 
As discussed above, S. obliquus exhibited strong sensitivity to the back diffusion 
of divalent cations which however had little impact on the behaviour of C. vulgaris 
during FO dewatering process. Divalent cations (especially Ca2+) promote algae 
biomass aggregation near the membrane surface and deposition onto membrane by (1) 
forming crosslink gel network between polysaccharide chains at the interface of algae 
cells and their EPS [416, 486], and (2) stimulating algae to secret more EPS into the 
culture medium due to salt stress, which in turn further enhances the formation of gel 
network [464]. Thus we propose that the different algae fouling behaviour may be 
explained by their different (1) cell wall carbohydrate composition and (2) amount of 
EPS excreted during the FO dewatering process. As described previously, during all 
FO experiments, magnetic stirrer was used to provide better mixing to the algae 
suspension and prevent algae sedimentation to the bottom of feed tank. In addition, the 
algae suspension was circulated by a peristaltic pump. The shear effects caused by the 
stirrer and pump may induce algae cells damage and releasing more EPS [487]. First, 
we examined the response and sensitivity of each algae species to the shear effects. 
Figure 3.5 shows the production of extracellular carbohydrate by the three algae species 
under different hydraulic stress conditions. For all algae species, the extracellular 
carbohydrate production followed the order of simple shaking (Flask 1) < magnetic 
stirring (Flask 2) < magnetic stirring + peristaltic pumping (Flask 3). This proves that 
all three algae species produced more carbohydrate in response to the shear effects 
induced by magnetic stirring and/or peristaltic pumping. In flask 3 which mimicked the 
hydraulic condition in the feed tank during FO experiment, C. reinhardtii excreted the 
highest total amount of carbohydrate, followed by C. vulgaris and S. obliquus. There 
seems to be no clear relationship between the algae dewatering performance (Figures 
3.2 and 3.3) and the amounts of carbohydrate released under the hydraulic stress 
condition during FO tests (Figure 3.5). However, the lower release of carbohydrates by 
S. obliquus may be linked with the low fouling observed when using MgCl2 as draw 
solution (Figure 3.2). Indeed, as mentioned previously, the binding of magnesium with 
extracellular carbohydrates is relatively weak. Therefore, the low release of 
carbohydrates observed reduces the binding of these with magnesium ions, which 
prevent the formation of large flocs and also reduces the impact of fouling. 
 
CHAPTER 3 – Microalgal Biomass Dewatering using Forward Osmosis Membrane: 
Influence of Microalgae Species and Carbohydrates Composition 
 
109 
 
 
Figure 3.5 - Extracellular carbohydrate produced by S. obliquus, C. reinhardtii and 
C. vulgaris suspensions subjected to different hydraulic stress conditions. Error bars 
represent the standard deviations of the average values determined from three 
measurements. 
                            
3.3.3. Extracellular carbohydrate content in feed tank 
In addition to hydraulic stress, salinity stress can also stimulate algae to produce 
more EPS [44]. During FO dewatering process, the permeation of pure water from feed 
to draw solution and the back diffusion of draw solutes into the feed side of membrane 
result in an enhanced salinity in the feed tank [464]. Next we examined the amount of 
extracellular carbohydrate excreted by each algae species before and at the end of each 
dewatering experiment. For the three conditions (S. obliquus with sea salts draw 
solution, S. obliquus with CaCl2 draw solution, and C. reinhardtii with CaCl2 draw 
solution) highlighted in Figure 3.6, it is interesting to find that carbohydrate amount in 
the feed tank was increased after FO filtration. This observation suggests that the back 
diffusion of calcium ions greatly promoted the production of extracellular carbohydrate 
by S. obliquus. A complex mechanism has been proposed for the enhanced EPS 
subjected to high local concentration of calcium, which could lead to disturbance in the 
photosynthetic metabolism of algae [488, 489]. C. reinhardtii exhibited similar 
response to the back diffusion of calcium but only in the case with CaCl2 draw solution 
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where calcium back diffusion rate was much faster compared to the case with sea salts 
draw solution. Recall microalgae caused the most severe flux decline in the above three 
conditions (16.3% for S. obliquus with sea salts draw solution, 70.9% for S. obliquus 
with CaCl2 draw solution, and 13.1% for C. reinhardtii with CaCl2 draw solution). This 
further supports our hypothesis that calcium-promoted carbohydrate contributes to the 
algae biomass depositions onto membrane surface and water flux loss.  
It is worth noting here that S. obliquus caused a much more dramatic flux decline 
(70.9%) than C. reinhardtii (13.1%) when CaCl2 was used as draw solution although 
the two algae species exhibited similar amount of calcium-promoted carbohydrate. This 
indicates that in addition to the amount of carbohydrate, the type and chemistry of the 
carbohydrates excreted by algae which may relate to algae cell wall composition plays 
an important role in the formation of cross-linked gel network and membrane fouling.   
 
 
CHAPTER 3 – Microalgal Biomass Dewatering using Forward Osmosis Membrane: 
Influence of Microalgae Species and Carbohydrates Composition 
 
111 
 
 
 
Figure 3.6 - Extracellular carbohydrate content in feed tank before and after algal 
dewatering tests with different draw solutions: (a) sea salt, (b) MgCl2 and (c) CaCl2. 
Error bars represent the standard deviations of the average values determined from 
three measurements. 
 
3.3.4. Algae cell wall carbohydrate composition controls membrane fouling  
As discussed above, the carbohydrate part of microalgae cell wall composition is 
expected to influence their interaction with divalent cations, algae aggregation, biomass 
deposition onto membrane surface and overall dewatering efficiency. Table 3.1 
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summarizes the cell wall carbohydrate compositions of the three algae species 
investigated in this study. Although these carbohydrates are presented as neutral sugars, 
they will be most likely to exist as polysaccharides [490].  
The main carbohydrate chains from S. obliquus consisted mainly of glucose 
(42%), mannose (26%), galactose (16%), rhamnose (11%) and fructose (5%). The most 
abundant glucose and mannose are likely to be found as glucomannan, a polysaccharide 
formed by two glucoses and two mannoses [491].  Divalent cations (especially calcium) 
can bind preferentially to the carboxylate groups of glucomannans and form bridges 
between adjacent algae cells and their EPS, leading to a highly interconnected gel 
network. Furthermore, among the three algae species, S. obliquus is the only one 
containing fructose. The non-vicinal hydroxyl groups of fructose bind specifically with 
calcium to form a strong extensive hydrogen-bond network [492]. For example, β-D-
fructose can bind with calcium chloride, forming Ca(β-D-fructose)Cl2·2H2O and Ca(β-
D-fructose)2Cl2·3H2O [460]. We therefore attribute the most severe loss in both water 
flux and biomass during FO dewatering of S. obliquus with Ca2+-containing DS to the 
presence of fructose and great amount of glucose and mannose on its cell wall.  
The cell wall carbohydrate of C. reinhardtii was mainly composed of galactose, 
glucose and arabinose, in which galactose was the most abundant. Furthermore, it is 
worth noting that C. reinhardtii contained higher percentages of galactose in its neutral 
sugar matrix compared to the other two algae species. Galactose was reported to be able 
to form strong bonds with divalent cations, the binding affinity with galactose following 
a trend of Ca2+ > Mg2+ [493]. In addition, galactose was found to form acidic 
polysaccharides which have a high propensity to form calcium-stabilized gels [494]. 
Thus the abundant amount of galactose in C. reinhardtii’s cell wall is proposed to cause 
the formation of algae flocs (Figure 3.5b) and great algae biomass loss (Figure 3.3) with 
MgCl2 and CaCl2 draw solutions as well as moderate flux decline (Figure 3.2) with 
Ca2+-containing draw solution.  
The carbohydrate part of C. vulgaris’s cell wall was complex, with rhamnose as 
the most abundant (45-54%). Galactose and xylose were present in smaller amounts 
while arabinose, mannose and glucose were identified amongst the trace 
monosaccharides. The lack of fructose, insufficient glucose, mannose and galactose 
may explain the low fouling propensity of C. vulgaris. Further research efforts need to 
CHAPTER 3 – Microalgal Biomass Dewatering using Forward Osmosis Membrane: 
Influence of Microalgae Species and Carbohydrates Composition 
 
113 
 
understand the role of abundant rhamnose in the promising dewatering performance 
with C. vulgaris.  
 
Table 3.1 - Cell wall carbohydrate compositions of S. obliquus, C. reinhardtii and C. 
vulgaris. Data obtained from various sources. 
  
Neutral sugars S.obliquus [495] C.reinhardtii [496] C.vulgaris [497] 
Arabinose  17-43 % 2-9 %  
Fructose 5 %    
Galactose 16 % 26-62 %  14-26 %  
Glucose 42 %  0-50 %  1-4 %  
Mannose 26 %  0-5 %  2-7 %  
Rhamnose 11 %  45-54 % 
Xylose  0-7 %  7-19 %  
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3.4. Conclusions 
In this study, well-controlled laboratory experiments were conducted to compare 
the FO dewatering performance between three freshwater microalgae species with 
divalent cation-containing draw solutions. Membrane fouling extent and algae 
dewatering efficiency were found to correlate with the algae cell wall carbohydrate 
composition. S. obliquus having fructose and abundant glucose and mannose in its cell 
wall demonstrated strong response to the back diffusion of calcium. During the FO 
filtration with Ca2+-containing draw solution, S. obliquus excreted more extracellular 
carbohydrate, formed large flocs and dense gel network, leading to dramatic water flux 
loss and algae biomass loss. C. reinhardtii without fructose but great galactose showed 
a similar response to the calcium back diffusion but to a lower extent compared with S. 
obliquus. C. vulgaris without fructose and containing lower amounts of glucose, 
mannose and galactose, demonstrated best dewatering performance regardless of draw 
solution chemistry, with negligible water flux decline and over 81% of algae recovery 
rate. FO dewatering performance is clearly dependent on microalgae species. More 
attention should be paid to the selection of a proper algae species in order to minimize 
membrane fouling and maximize biomass recovery. The shape of each species may also 
play a role, as it affects the surface available for binding with various compounds, 
including divalent cations and carbohydrates. Overall, our results suggest C. vulgaris 
rather than S. obliquus and C. reinhardtii is the optimal microalgae species to be 
dewatered by FO process due to its unique cell wall carbohydrate composition. Further 
studies are necessary to identify which components in the cell wall of C. vulgaris 
contribute to the best FO dewater performance. Given the promising results obtained 
with C. vulgaris, as well as its demonstrated ability for wastewater treatment, this specie 
has been chosen for further investigation and integration within a combined system for 
wastewater treatment and concentrated biomass harvesting. 
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4.1. Introduction 
At the early stages of this study, Hydration Technologies, Inc. provided the best 
commercially available FO membranes. Most of the research on FO processes using 
commercial membranes was conducted using the CTA-ES membrane provided by this 
company and many data were available with this membrane. Therefore, after 
proceeding to a characterization of the membrane, the experimental work was 
conducted using this membrane. However, Hydration Technologies, Inc. closed 
business during this study and a research of a new commercially available membrane 
was necessary to find a replacement for the CTA-ES membrane previously used. The 
following section provides details of the experimental methods and results of the 
characterisation of the FO membranes investigated. Membrane characteristics such as 
the water flux, solute diffusion, or chemical resistance, are crucial to decide their 
application in an industrial process. These characteristics differs for every FO 
membrane and these parameters have to be taken into account for the design of any 
process. Understanding the differences between each membranes allows to better 
understand the different results obtained with each one. It is also crucial for the selection 
of membrane to be used for a specific application. In this study, several membranes 
were characterized in order to select the most suitable membrane commercially 
available for the dewatering of microalgal biomass. Therefore, a high permeate flux, 
low solute diffusion, and low fouling propensity, are desired characteristics for this 
application. The methods for the characterization of FO membranes are well defined. 
An example of the steps involved is displayed on Figure 4.1. 
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Figure 4.1 – Guidelines for obtaining the values of the performance parameters A, B, 
and S [498]. 
 
4.2. FO Membranes 
In this preliminary study, three forward osmosis membranes were tested and their 
characteristics compared for the selection of the most suitable membrane for microalgae 
dewatering. The membranes used were (1) a cellulose triacetate membrane supported 
by an embedded polyester mesh (CTA-ES) provided by Hydration Technologies, Inc. 
(Albany, OR, USA), (2) a thin-film composite FO membrane provided by Porifera, Inc. 
(Hayward, CA, USA), and (3) a biomimetic membrane using aquaporin proteins as 
functional building blocks and provided by Aquaporin (Kongens Lyngby, Denmark). 
 
4.3. Experimental Setup and Operating Conditions 
All FO experiments were conducted using a custom fabricated bench-scale 
crossflow FO system (Figure 2.1). Briefly, a membrane coupon with an effective area 
of 41 cm2 was housed in a cross-flow membrane cell. Diamond-patterned spacers were 
placed on both sides of the membrane to improve support of the membrane as well as 
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promote mass transfer [499, 500]. Counter-current flow was used with cross-flow rate 
on both sides of membrane controlled by a variable-speed peristaltic pump (Cole-
Parmer, Vernon Hills, IL). The cross-flow velocities for both feed and draw solutions 
were maintained at 15.5 cm/s during all experiments. The draw water tank was well 
mixed by a magnetic stirrer. The feed solution tank was placed on a digital scale 
(Denver Instrument, add place and country) and weight changes as a function of time 
were utilized to determine permeate water flux. The solution temperature was 
maintained at 25 ± 1 °C.   
Both membrane orientations, AL-FS and AL-DS, were tested. In all FO 
experiments, the feed solution was deionised water. The draw solutions included simple 
electrolytes and a commercial sea salt at a various concentrations ranging from (15 – 
230 g/L). All salts were ACS reagent grade (Sigma-Aldrich, UK). The volume of both 
feed and draw solutions was 2.5 litre at the beginning of each experiment. The duration 
of each FO membrane test was 1 h. Samples from feed tank were taken at specified 
time intervals for conductivity and temperature measurements. From the conductivity 
and water flux measurements, the amount of solute in the feed solution was calculated. 
Then, the reverse solute flux was obtained from the slope of the linear trend line of the 
determined amount of solute in the feed side over time. 
 
4.4. Determination of Pure Water and Solute Permeability 
Pure water permeability (A) describes the ability of water to pass through the 
membrane. It is generally determined by measuring the water flux (Jw) during a simple 
experiment using feed and draw solutions of known concentrations, and therefore 
osmotic pressures (π). The osmotic pressure of a solution is usually calculated from the 
solute concentration C, the temperature T, the ideal gas constant Rg, and the Van’t Hoff 
factor β, using Equation 2.1. β is generally associated to the ideal number of dissociated 
ionic species of the solute, generating the osmotic pressure (e.g. 2 for NaCl, dissociating 
into Na+ and Cl-). The water flux Jw is then determined using Equation 2.1, from the 
osmotic pressure difference across the active layer ∆πeff, and the membrane pure water 
permeability A. Equation 2.1  can be modified using the bulk osmotic pressure 
difference ∆πbulk and the reflection coefficient σ defined by Staverman in 1951 [501]. 
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TRC g    
bulkeff AAJw    
The pure water permeability coefficient, A, and solute permeability coefficient, 
B, of the FO membranes were evaluated in a dead-end filtration test unit (Millipore, 
UK). A schematic of the dead-end experimental setup used is presented on Figure 4.2.  
The effective membrane area was 36 cm2. The cell was filled with 400 ml of pure water 
and a controlled pressure was applied using compressed air. The experiments were 
conducted at room temperature which was measured at around 20°C. The A value was 
determined by measuring the water flux over a range of applied pressures (1 - 5 bar). 
The water flux is then plotted as function of the hydraulic pressure difference across 
the membrane. The resulting slopes gives the pure water permeability A for each 
membrane. An example of the determination of the pure water permeability is given in 
Appendix 3. 
 
Figure 4.2 - Schematic diagramm of the dead-end system used for the determination 
of the pure water permeability of the FO membranes used. 
 
Using a feed solution containing 10 mM of individual simple electrolyte or 
commercial sea salt (Sigma Aldrich, UK), the rejection of NaCl, MgCl2, CaCl2, and 
sea salts was determined based on feed and permeate conductivity measurements 
(Ultrameter II, Myron L Company, Carlsbad, CA). B value was determined based on 
the solute rejection in a range of applied pressures (1 – 5 bar) using Equation 2.3 [502]: 
4.1 
4.2 
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1
R
PAB   
where ΔP and Δπ are the hydraulic pressure difference and osmotic pressure difference 
across the membrane, respectively. R is the rejection of specific solutes. 
 
 
Table 4.1 - Characteristics of the CTA-ES, Porifera, and Aquaporin membranes. 
Membrane A (m.s-1.Pa-1) 
B (m.s-1)  B/A (Pa-1) 
Sea salts NaCl MgCl2 CaCl2  Sea salts NaCl MgCl2 CaCl2 
CTA-ES 1.51 ·10-12 5.08 ·10-8 9.07 ·10-8 4.69 ·10-8 3.57 ·10-8  3.36 ·104 6.00 ·104 3.11 ·104 2.36 ·104 
Porifera 5.65 ·10-12 5.00 ·10-7 1.45 ·10-6 3.29 ·10-7 6.51 ·10-7  5.82·104 8.86 ·104 2.57 ·105 1.15 ·105 
Aquaporin 2.69 ·10-12 2.09 ·10-6 1.61 ·10-5 4.56 ·10-7 9.82 ·10-7  7.77 ·105 5.99 ·106 1.70 ·105 3.65 ·105 
 
The results presented in Table 4.1, the membrane provided by Porifera exhibits 
the highest pure water permeability and solutes permeability slightly higher than the 
CTA-ES membrane from HTI. B/A parameter of Porifera membrane is also slightly 
higher than the HTI membrane. The membrane provided by Aquaporin has a pure water 
permeability coefficient higher than the CTA-ES membrane, but also solute 
permeability coefficient much higher than the two other membranes, leading to higher 
selectivity for all solutes considered. From these results, the membrane provided by 
Porifera outperform the two other membranes. 
 
4.5. Structural Parameter Determination 
The structural parameter of FO membranes is used to quantify the mass transport 
length scale across the membrane support layer. Its determination is conducted using 
the following methodology. The water flux can be defined as: 

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4.3 
4.4 
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where, K is the resistance to solute diffusion (s/m), leff is the effective length (m), Deff is 
the effective diffusion coefficient (m2/s), τ is the tortuosity, l is the length (m), D is the 
diffusion coefficient (m2/s), ε is the porosity, and S is the structural parameter (m-1).  
Arranging Equations 2.4 and 2.5 gives Equation 2.6 below: 
JwS
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ln  as a function of Jw allows the determination of the 
structural parameter, S, given as the regression coefficient of the linear fitting curve. 
An Example of determination of the structural parameter is given in Appendix 6. 
Table 4.2 below presents the comparison of the structural parameter S, 
determined for the Porifera and Aquaporin membranes, with the previously used CTA-
ES membrane. The average structural parameter is found lower with the Aquaporin and 
Porifera membranes, in comparison with the previously used CTA-ES membrane, with 
a lower value for the Aquaporin membrane. This gives additional information on the 
membranes behaviour. Indeed, a lower S parameter means a lower mass transport 
across the support layer and thus an enhancement of the CP effect. Concerning the 
Aquaporin membrane, the higher CP effect (lower S value) is compensated by the 
higher pure water permeability coefficient, A, leading to similar water flux than the 
CTA-ES membrane. In comparison with the CTA-ES membrane, the Porifera 
membrane also demonstrates a higher CP effect (higher S value), but the much higher 
A value leads to much better results in terms of permeating water flux, Jw.  
 
 
 
 
 
4.5 
4.6 
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Table 4.2 - Determination of structural parameter S. 
Membrane 
Structural parameter S (m-1) 
Sea salts NaCl MgCl2 CaCl2 Average 
CTA-ES 8.79 ×10-4 5.46 ×10-4 4.46 ×10-4 5.21 ×10-4 5.98 ×10-4 
Porifera 4.83 ×10-4 2.22 ×10-4 4.03 ×10-4 3.48 ×10-4 3.98 ×10-4 
Aquaporin 2.33 ×10-4 1.93 ×10-4 1.92 ×10-4 2.18 ×10-4 2.09 ×10-4 
 
 
4.6. Zeta Potential 
Analysis of the membranes zeta potential was conducted with the SurPASS™ 
Electrokinetic Analyzer (Anton Paar, Graz, Austria). Streaming potential 
measurements were performed with the SurPASS using the Adjustable Gap Cell shown 
in Figure 4.3. For each measurement a pair of membranes with same top layer was fixed 
on the sample holders (with a cross section of 20 x 10 mm2) using double-sided 
adhesive tape. The sample holders were inserted in the Adjustable Gap Cell such that 
the membrane surfaces were exactly facing each other. A gap of approx. 100 µm was 
adjusted between the sample surfaces. Prior to the sample mounting, the membranes 
were soaked in deionized water for 24 hours. Before starting each measurement, the 
membrane samples were carefully rinsed with the measuring electrolyte. A 0.001 mol/l 
NaCl solution was used as the background electrolyte and the pH of this aqueous 
solution was adjusted with 0.05 mol/l HCl and 0.05 mol/l NaOH, respectively. 
 
 
Figure 4.3 - Adjustable Gap Cell mounted between electrodes (left), sample holder 
with silicon wafer pieces as a representative sample (20 mm x 10 mm, center), and 
measuring principle (right). 
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Overall, almost no difference have been found between the active layer and the 
support layer for the three membranes. As observed on Figure 4.4, the isoelectric point 
of the membranes is respectively 4.5, 4.2, and 3.7, for HTI, Porifera, and Aquaporin 
membranes. The Aquaporin membrane is more fragile and couldn’t be analysed at pH 
above 7. At pH around 7, all membranes shows a zeta potential around -35 mV, which 
proves the electronegativity of the membranes under the pH conditions used during the 
dewatering of microalgae biomass. These results, along with the zeta potential results 
of the microalgae cells, corroborates the hypothesis of the enhancement of fouling in 
presence of divalent cations, which are able to bind both with the membrane surface 
and microalgae cells or extracellular carbohydrates, thus enhancing membrane fouling. 
 
 
Figure 4.4 - Average zeta potential vs. pH for active side of membranes HTI, 
Porifera, and Aquaporin. 
 
Table 4.3 - Isoelectric points of active and support sides of membranes HTI CTA-ES, 
Porifera, and Aquaporin. 
Membrane HTI CTA-ES Porifera Aquaporin 
Side Active Support Active Support Active Support 
IEP  4.5 4.5 4.2 4.5 3.7 3.7 
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4.7. Contact Angle  
Contact angle generally measures the hydrophilicity of a surface. In the context 
of membrane characterisation, is gives an indication of the interactions forces between 
water and the membrane surface and therefore the ease of the water to permeate through 
the membrane. The greater the contact angle, the less hydrophilic the membrane surface. 
Most foulants also exhibits a slight hydrophobicity, therefore hydrophilic membranes 
are usually preferred. Contact angle measurements were conducted using an optical 
tensiometer. The membrane sample is placed on a plane support. A small drop of 
deionized water is deposited onto the membrane surface and a picture is taken. From 
this picture, the angle between the support and each side of the drop can be measured 
and an average contact angle value is obtained. Contact angle has been measured for 
the two novel membranes and compared with the CTA-ES membrane provided by HTI. 
The results, presented in Table 4.4, shows a higher hydrophilicity of the Porifera 
membrane on both active and support layer, in comparison with the CTA-ES membrane. 
The Aquaporin membrane is found more hydrophilic than the two other membranes on 
both layer, with an active layer absorbing completely the water drop. On the other hand, 
the CTA-ES membrane exhibits a lower hydrophilicity than the two other membranes 
on both sides. The hydrophilicity of the Porifera membrane falls in between that of the 
CTA-ES and the Aquaporin membrane. These results shows that water will permeate 
more easily through the Aquaporin membrane 
 
Table 4.4 - Contact angle measurements of both sides of the membranes tested. 
Membrane 
Contact angle 
Active Layer Support Layer 
CTA-ES 65.4 ± 1.6 69.0 ± 2.3 
Porifera 56.2 ± 3.7 55.9 ± 2.1 
Aquaporin Absorption 38.8 ± 3.8 
  
 
 
 
CHAPTER 4 – Selection of a New Forward Osmosis Membrane for Microalgae Biomass 
Dewatering through Determination of Main Characteristics 
124 
 
4.8. Conclusion 
Overall the Porifera membrane surpassed the two other membranes, and seemed 
then more suitable for replacing the CTA-ES membrane from HTI. Indeed, the 
membrane provided by Porifera exhibited a much higher pure water permeability than 
the two other membranes, indicating good performances in terms of permeating water 
flux. The Porifera membrane was also found efficient for retaining the salt from 
permeating through the membrane, as the diffusion of salt into the feed solution might 
impact the performances of the process through an enhancement of fouling on the feed 
side. In addition, the Aquaporin membrane was revealed more fragile than the other 
membranes and tearing appeared during few FO tests. Therefore, the membrane 
provided by Porifera Nano has been chosen for microalgae biomass dewatering 
experiments conducted with the integration of wastewater treatment within a 
photobioreactor. 
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5. Integration of Forward Osmosis in the Treatment of Sewage by 
Chlorella vulgaris: Comparison between External and 
Immersed Systems 
 
5.1. Introduction 
C. vulgaris has been highlighted for its potential in wastewater treatment and biofuel 
production [138, 474]. In an attempt to reduce the biomass dewatering costs, we previously 
investigated the utilization of FO for pre-concentration of microalgal biomass, and highlighted 
the low fouling propensity with C. vulgaris in comparison with two other species [503]. After 
the selection of C. vulgaris, the integration of FO dewatering process in a continuous 
microalgal wastewater treatment system needs to be studied in order to determine an 
appropriate system design and suitable operating parameters. Praveen and Loh (2016) 
investigated the integration of an immersed FO module within a photobioreactor (PBR) treating  
artificial tertiary wastewater with C. vulgaris [504]. The authors reported a removal of over 
90% of ammonium, 50% of nitrates, and 85% of phosphates through microalgal assimilation 
and membrane rejection. However, despites the promising results, the very low water flux, the 
increase of salinity due to the reverse salt diffusion, and the relatively high EPS fouling (mostly 
polysaccharides), were highlighted as potential issues for the long term operation of the whole 
system. In an attempt to further develop the integration of FO dewatering with wastewater 
treatment by microalgae, we investigated the treatment of sewage wastewater with C. vulgaris 
comparing an immersed FO dewatering system and an external FO dewatering system.  Indeed, 
the negative effects of the immersion of the FO module can be prevented by externalizing the 
FO module, as used in our previous investigations for microalgae biomass dewatering [464, 
503]. The purpose of this study is to compare these two approaches by (1) evaluating the 
treatment efficiency of an artificial sewage wastewater by analyzing the removal of 
ammonium, nitrates, nitrites, and phosphates, (2) determining the production of biomass and 
its sustainability, and (3) assessing the forward osmosis efficiency through water flux and 
fouling analysis. 
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5.2. Materials and Methods 
5.2.1. Microalgae Strain and Growth Conditions  
Pure culture of C. vulgaris was obtained from the Culture Collection of Algae and 
Protozoa (CCAP, UK), and cultivated  in modified BG-11 medium, which composition is given 
in Appendix 1. C. vulgaris suspensions were continuously stirred on a plate shaker and kept at 
room temperature (25 ± 1 °C). Illumination was provided by fluorescent lamps (100 μmol 
photons/m2·s). The algae growth was periodically monitored by optical density measurement 
with a spectrophotometer (Helios Zeta, Thermo Scientific, UK) at 435 nm wavelength [442]. 
The pH was maintained at 7±0.5 for the optimum algae growth. These stock suspensions were 
further used as inoculum for experiments conducted in the FO-PBR 
 
5.2.2. FO Membrane and Cells 
A thin-film composite (TFC) FO membrane was provided by Porifera, Inc. (Hayward, 
CA, USA). The membrane is composed of a polyamide active layer, coated on top of a 
polysulfone support layer with an embedded woven mesh. The active layer of the membrane 
exhibits a negative surface charge due to the carboxyl groups of the polyamide [505]. Further 
membrane properties and morphological characteristics have been described in a previous 
study [506]. The membrane coupons were housed within two different membrane cells, 
depending on the microalgae dewatering method investigated. In the external FO cell, a 200 
cm2 membrane was separating the feed and the draw solution, flowing on each side in counter 
current mode, the active layer facing the feed solution. Mesh spacers were placed on both side 
of the membrane to increase turbulences and enhance the mass transfer. In the immersed FO 
cell, two 100 cm2 membranes were placed in order to separate the draw solution flowing inside 
the cell. The active layer of both membrane was facing the outside of the cell, directly in contact 
with the microalgal biomass in which the cell was immersed. In this case, mesh spacer were 
only placed on the support layer in contact with the draw solution. Mesh spacers were not 
placed on the active layer in order to avoid the attachment of microalgae on the active layer 
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5.2.3. Artificial Wastewater and Draw Solution Chemistry 
ACS reagent grade sea salts (Sigma-Aldrich, UK) was used as draw solution. The sea 
salts concentration was 70 g/L to mimic the salinity of desalination brine [444], and its 
composition has been reported in our previous study [464]. The removal of nitrogen and 
phosphorus sources by Chlorella vulgaris was investigated using SYNTHES artificial sewage 
wastewater [507]. The composition of the SYNTHES is detailed in Table 5.1. The SYNTHES 
was prepared from ACS reagent grade chemicals dissolved in tap water and sterilized by 
autoclaving prior to each experiment in order to avoid the contamination of the culture by other 
microorganisms. 
 
Table 5.1 - Composition of artificial wastewater (SYNTHES) [507]. 
Component Concentration (mg/L) 
K2HPO4.3H2O 30 
CaCl2.2H2O 7.5 
Cr(NO3)3.9H2O 1.125 
CuCl2.2H2O 0.75 
MnSO4.H2O 0.15 
NiSO4.6H2O 0.375 
PbCl2 0.15 
ZnCl2 0.375 
Urea 120 
NH4Cl 15 
Na.acetate.3H2O 168.75 
Peptone 22.5 
MgHPO4.3H2O 37.5 
FeSO4.3H2O 7.5 
Starch 157.5 
Milk Powder 150 
Dried Yeast 67.5 
Soy oil 37.5 
  
5.2.4. Experimental Setup 
A flat panel photobioreactor was specially design for the continuous growth of 
microalgae under controlled environment (Figure 5.1). The PBR is made of transparent 
polymethyl methacrylate (PMMA). The dimensions of PBR are: 200 x 120 x 300 mm (length 
x width x height), for a total volume of 7.2 L. It comprises an inlet injection hole on one side, 
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an outlet hole on the opposite side, and a drain on the bottom. The bottom of the reactor also 
comprises 14 pin holes designed for the injection and bubbling of gas for both carbon dioxide 
supply and to optimize the mixing of the culture. A specially designed lid was placed on top 
on the reactor to ensure the sterility. Prior to the conduction of each experiment, the PBR was 
sterilized by filling it with peroxyacetic acid (1%) and rinsed 3 times with DI water filtered 
through 0.2 μm filters in order to avoid contamination by other microorganisms.  
 
 
Figure 5.1 - Design of the lab-scale experiment of the photobioreactor used for the growth of 
C. vulgaris in artificial wastewater. 
 
5.2.5. Experimental Procedure and Analytical Method  
The experimental procedure aimed to compare the operation of the osmotic PBR with an 
external FO module and with an immersed FO module. As the two systems investigated cannot 
be operated identically, few operating parameters were selected as constant in both cases. 
Therefore, the effective FO membrane area of both module (200 cm2), the working volume of 
the PBR (5 L), and the wastewater flow rate in continuous mode (1.1 L/day) were identical in 
CHAPTER 5 – Integration of Forward Osmosis in the Treatment of Sewage by Chlorella vulgaris: 
Comparison between External and Immersed Systems 
 
129 
 
both cases. In addition, 750 ml of water was withdrawn by FO every day in both experiment. 
During each experiment conducted, Chlorella vulgaris was first grown in 5 L of artificial 
wastewater for 8 days in batch mode in order to reach a biomass concentration around 0.6 g/L. 
At the 8th day, the feed pump introducing artificial wastewater in the PBR was started. 
Considering the wastewater flow rate of 1.1 L/day, after 24 hours of continuous wastewater 
supply the volume of biomass in the PBR was 6.1 L. Before each FO concentration experiment, 
100 ml of biomass was withdrawn from the reactor and samples were taken for further analysis. 
Finally, the conductivity within the reactor was measured with a conductivity meter 
(Ultrameter II, Myron L Company, Carlsbad, CA), and the corresponding salt concentration 
was calculated using a calibration curve realized beforehand. The following steps of the 
experiments for both systems are explained thereafter and detailed on Figure 2. 
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Figure 5.2 - Details of the experimental protocol and lab-scale set-up used for the 
comparison of (a) External FO and (b) Immersed FO systems. Vbiomass represents the 
volume of biomass inside the reactor. 
(a) 
(b) 
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5.2.5.1. External FO System 
In case of external FO concentration, 1000 ml of biomass was withdrawn from the reactor 
and concentrated by a factor of 4 (permeate volume of 750 ml) using sea salts as draw solution. 
The weight of the draw solution was monitored in order to measure the evolution of the 
permeate water flux. When the permeate volume reached 750 ml, the experiment was stopped 
and samples were taken from the concentrated biomass for further analysis. Then, both feed 
and draw sides were emptied and replaced with DI water, and the membrane was flushed at a 
velocity double than that used during the experiment for 30 min. Samples were taken from the 
flushing solution for further analysis. Then, the membrane cell was filled with DI water and 
left until the next day experiment. On the next day, the membrane cell was emptied, and the 
feed tank was filled with 1000 ml of microalgae biomass freshly harvested for FO dewatering. 
This procedure was repeated for 7 day at which point the PBR was emptied and washed. The 
biomass harvested at this step was stored for analysis. 
 
5.2.5.2. Immersed FO System 
In case of immersed FO concentration, the FO module was introduced inside the reactor 
prior to the first dewatering experiment. After sampling of 100 ml, the volume of biomass in 
the reactor was 6 L. The draw pump was then operated until 750 ml of water had permeated 
through the membrane (concentration factor of 1.14), leaving 5.25 L of biomass inside the 
reactor. 250 ml of concentrated biomass was then withdrawn from the reactor in order to match 
with the volume of biomass harvested during the external FO concentration experiment. 
Samples were taken from these 250 ml for further analysis. DI water was then flushed inside 
the immersed cell in order to prevent further diffusion of salt inside the reactor and further 
dewatering of biomass. The membrane module was then left emptied inside the reactor until 
the next day experiment. 
 
5.2.6. Samples Analysis 
All samples were placed in a 2 ml tube centrifuged at 6 x g for 20 min. The supernatant 
was collected from the tube and replaced by DI water. This procedure was repeated a second 
time before the supernatant was collected and stored in a fridge for further analysis. Each 
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sample was then filtered and analyzed by ion chromatography (Metrohm AG, Ionenstrasse, 
Switzerland) in order to determine the concentrations of ammonium, nitrites, nitrates, and 
phosphates in the extracellular medium. The concentration of carbohydrates was analyzed 
using the phenol-sulfuric acid method [450]. Due to the high salinity of the draw solution 
samples, the ammonia, phosphate, nitrate, and nitrite content in the draw solution was measured 
using AQUAfast™ colorimeter AQ3700 (Thermo Fisher Scientific, Inchinnan, UK) and the 
corresponding nutrients test kits. 
 
5.2.7. Biomass Production 
In order to assess and compare the growth of microalgae and the associated biomass 
production, we calculated the total biomass produced during the whole experiment. This value 
corresponds to the amount of biomass sampled every day before FO dewatering added to the 
biomass harvested after FO dewatering, and added to the amount of biomass harvested from 
the reactor after the last FO dewatering. It can be calculated using Equation 5.1 below:  
  
7
1
Re7 SampleiHarvestfactorftotal VXVXVXm  
were, mtotal designates the total mass of biomass produced throughout the experiment (g), X1-7 
f is the biomass concentration harvested after FO dewatering each day (g), VReactor is the volume 
of biomass left in the reactor after the last FO dewatering experiment (L), VHarvest is the volume 
of biomass harvested every day (L), X1-7 f is the biomass concentration inside the reactor before 
each experiment, and VSample is the volume of sample taken from the PBR every day before 
each experiment (L). 
 
5.3. Results and Discussion 
5.3.1. FO Dewatering Efficiency 
5.3.1.3. Water Flux Decline 
The efficiency of the forward osmosis dewatering is assessed in order to determine and 
compare the sustainability of both FO systems investigated. Indeed, considering the high cost 
of FO membranes, the dewatering efficiency is of great importance to insure the membrane 
area is used during a long period of time and at its highest potential. Figure 6 presents a 
5.1 
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comparison of the water flux decline during the dewatering of C. vulgaris biomass. The initial 
water flux (Jw) during the baseline experiments is much lower with the immersed system, 
despite the identical membrane area in both cases. Indeed, the initial baseline Jw with the 
external FO process is observed around 17.5 LMH, whereas it is around 12 LMH with the 
immersed system. This difference is due to (1) the enhancement of the mass transfer on the 
feed side of the membrane in the case of external FO dewatering, provided by the mesh space, 
and (2) the reduction of available membrane surface in case of immersed system, due the air 
scouring under the membrane cell and the passage or air bubbles on the membrane surface.  
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Figure 5.3 - Water flux (LMH) decline during the dewatering of C. vulgaris biomass for 7 
consecutive days with (a) External FO system, and (b) Immersed FO system. 
5.3.1.4. Water Flux Loss 
The raw water flux gives insights about the dewatering performances, however it does 
not efficiently highlights membrane fouling, which reduces the water flux permeating through 
the membrane and may eventually jeopardize the whole filtration process has to be analyzed. 
Figure 4 presents the loss of water flux during the dewatering of microalgae biomass with both 
external and immersed FO systems. A very high loss of Jw was observed for each experiment 
conducted. In case of external system, the trend shows a relatively constant increase of water 
flux loss, indicating a constant fouling onto the membrane surface throughout the experiments. 
The final loss reaches around 60% during the first 5 days, but increases over 70% during the 
last 2 days. This high fouling is related to both the composition of the biomass, containing 
carbohydrates but also other fouling compounds found in the wastewater, and their increase of 
concentration throughout the experiment. Indeed, a highly concentrated biomass will have a 
higher fouling propensity than a low concentrated biomass. Despites the high fouling 
propensity and loss of water flux, the initial Jw loss was found relatively low (under 17%) for 
all dewatering experiments with this configuration. The flushing of the membrane after 
dewatering is proven to remove most of the cake layer fouling the membrane, which could be 
suitable for a long term usage. Concerning the immersed FO system, the increase of Jw loss is 
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moderated due to the lower permeate drag force and the lower increase of biomass 
concentration inside the reactor. Indeed, the final Jw loss reaches under 17% on the 1st day and 
less than 30% on the 2nd day of experiment. However, the final Jw loss keeps increasing, 
reaching over 50% during the last day of experiment, which follows a trend similar to the 
increase of initial Jw loss, reaching over 30% for the last day of experiment. No specific 
cleaning being conducted, the biomass remains onto the membrane surface and reduces its 
dewatering efficiency. This decrease of performances could be reduced by a physical cleaning 
of the membrane, however it would involve the removal of the membrane cell from the reactor 
after each experiment, which would eventually lead to the contamination of the microalgae 
culture. 
CHAPTER 5 – Integration of Forward Osmosis in the Treatment of Sewage by Chlorella vulgaris: 
Comparison between External and Immersed Systems 
 
136 
 
 
 
 
Figure 5.4 – Loss of water flux (LMH) during the dewatering of C. vulgaris biomass for 7 
consecutive days with (a) External FO system, and (b) Immersed FO system. 
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5.3.2. Salinity Build-up  
One of the concerns raised by the authors of the first study investigating the integration 
of FO with wastewater treatment by microalgae is the increase of salt concentration inside the 
photobioreactor [504]. Indeed, a high salinity can affect the microalgae growth through osmotic 
stress, salt stress (ions), and changes of ionic ratios within the cells [1]. Due to the differences 
between external and immersed FO systems, the salt concentration in the reactor has been 
measured throughout the whole duration of both experiment conducted. The variation of salt 
concentration inside the reactor shows an initial increase during the first 3-4 days for both 
experiments (Figure 5). This increase may be due to the nutrients decomposition by the 
microalgae cells, releasing ions in the extracellular medium. A slow decrease of salt 
concentration follows due to the nutrients consumption. On the 8th day, corresponding to the 
implementation of continuous wastewater supply, the trend differentiates between external and 
immersed systems. Indeed, with the external FO system, the salt concentration stabilizes below 
200 mg/L due to the continuous wastewater supply and the continuous nutrients removal 
mechanisms which counterbalances each other. However, with the immersed system, the salt 
concentration regularly increases in the reactor, reaching over 600 mg/L on the last day, due to 
the reverse salt diffusion from the draw solution. Indeed, the higher permeate flux observed 
with the external system also leads to a greater solute diffusion through the membrane. 
Although the salt concentration does not reaches a very high level on the 15th day, the increase 
of salt concentration inside the PBR will ultimately affect FO performances due to the 
reduction of osmotic pressure difference across the FO membrane. It will also affect the growth 
of microalgae and potentially jeopardize the culture. In this regard, an external system seems 
more appropriate for a continuous and sustainable production of concentrated biomass 
CHAPTER 5 – Integration of Forward Osmosis in the Treatment of Sewage by Chlorella vulgaris: 
Comparison between External and Immersed Systems 
 
138 
 
 
 
Figure 5.5 - Evolution of salt concentration (mg/L in the photobioreactor throughout the 
duration of each experiment. The salt concentration was calculated through the measurement 
of conductivity and the use of previously made calibration curves (Appendix 7) 
 
5.3.3. Biomass Production 
5.3.3.5. Biomass Production during FO Experiments 
In addition to the nutrient removal from artificial sewage wastewater, the FO-PBR 
systems investigated produces concentrated biomass for potential used in biodiesel production. 
The evolution of biomass concentration inside the PBR is displayed on Figure 6a. During the 
experiment conducted with the external FO system, the biomass concentration is maintained 
stable around 0.6 g/l throughout the 7 days of FO dewatering. Indeed, the continuous supply 
of wastewater with an adequate flow rate allows the biomass to grow at a similar rate than it is 
removed every day for further dewatering. On the contrary, the concentration of biomass 
increases inside the PBR during the experiment with immersed FO system, reaching almost 1 
g/L after 7 days of experiment. This increase of concentration is a direct effect of the in situ 
biomass dewatering, which further increases the concentration when added to the natural 
growth of microalgae. This constant increase of biomass concentration would further lead to a 
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drop of growth and a death of microalgae due to the reduction of accessible light. The increase 
of biomass concentration could be counter balanced by increasing the flow rate of wastewater, 
however this would lead to a reduction of the hydraulic retention time and therefore a decrease 
of wastewater treatment efficiency. The aim of this dewatering process being the production of 
concentrated microalgae biomass, the concentration of the harvested biomass, shown on Figure 
6(b), is investigated. Due to the higher concentration factor reached (4 against 1.14), the 
biomass harvested with the external FO system is more concentrated than the biomass 
harvested with the immersed system. As mentioned in our previous studies, part of the biomass 
dewatered by FO is lost due to an entrapment inside the mesh spacer [464, 503]. Although no 
spacer was placed on the active layer of the membrane in the immersed FO system, biomass 
can also form a biofilm onto the membrane surface of settle down inside the reactor, therefore 
leading to a loss of biomass. Figure 6(c) presents a comparison of the total loss of biomass 
during external and immersed FO dewatering experiments. A high biomass loss (≈ 0.35 g) is 
observed the first during the first day of dewatering with external FO. However, this loss 
continuously decrease to reach below 0.2 g at the 7th day. It appears that the biomass easily 
attach to the clean membrane and entrap into the mesh spacer. However, the rate at which the 
biomass is being lost may be partially compensated by the rate at which entrapped biomass is 
being washed away throughout the FO dewatering. Concerning the immersed system, the lower 
increase of biomass concentration during the experiment, as well as the lower permeate drag 
force lead to a lower loss of biomass at the first day of experiment (≈ 0.2 g). This loss is stable 
until the 5th day, at which point it greatly increases, reaching almost 0.4 g after the 7th day. This 
sudden increase of biomass loss could be due to either a growth of microalgae biofilm onto the 
membrane, or a sedimentation and settlement of biomass on the bottom of the reactor, due to 
the increase of salt concentration inside the reactor and/or an effect of the excessive biomass 
concentration inside the reactor. Considering only the biomass, the external FO system seems 
to give better results in terms of both concentration of biomass harvested and also in terms of 
system sustainability. 
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Figure 5.6 – Evolution of (a) Initial biomass concentration and (b) Biomass recovery (%), 
and (c) Total loss of biomass (g) during FO concentration, throughout the 7 days of 
experiment. 
 
5.3.3.6. Total Biomass Production 
The total amount of biomass has been calculated for both experiments conducted. As 
presented on Figure 7, the amount of biomass produced every day is greater with the external 
system due to the higher concentration factor reached during the dewatering process (4 against 
1.14). Indeed, on the 7th day, over 3 g of biomass have been harvested with the external system, 
whereas less than 2 g were harvested with the immersed system. However, the final amount of 
biomass produced is greater with the immersed system due to the higher biomass concentration 
inside the PBR on the 8th day fof the FO dewatering experiment (6.56 g against 5.99 g). 
Despites the greater amount of biomass produced with the immersed system, the regular 
increase of biomass concentration in the reactor observed is not sustainable and will eventually 
result in a reduction of microalgae growth and a drop of biomass productivity. In case of 
external dewatering, the biomass concentration inside the PBR is maintained stable, which 
result in a more sustainable operation of the system. 
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Figure 5.7 - Evolution of the total amount of biomass produced throughout the experiment. 
The 8th day correspond to the harvest of all the biomass contained inside the reactor. 
 
5.3.4. Carbohydrates Analysis 
As investigated in our previous studies [464, 503], carbohydrates are released in the 
extracellular medium by the microalgae cells under stress conditions. These extracellular 
carbohydrates (EPS) are highly involved in membrane fouling, through simultaneous binding 
phenomenon with divalent cations and carboxylic functional groups at the interface of algae 
cells/EPS. Figure 8 presents the evolution of the carbohydrates content in extracellular medium 
inside the PBR. However, these data may not reflect the real amount of carbohydrates inside 
the reactor. Indeed, carbohydrates easily bind with microalgae cells and divalent cations which 
leads to the creation of flocs. Therefore, the analysis of the extracellular content do not display 
the carbohydrates that have bind with microalgae cells, or attached to the membrane surface in 
case of immersed FO system. Figure 8 shows the concentration of extracellular carbohydrates 
within the PBR for the whole duration of its operation. The values obtained are found quite 
dispersed for both systems, rendering complicated the identification of any trend. Nevertheless, 
it seems that the concentration of extracellular carbohydrates increases in both case, with a 
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greater increase observed with the external system. This observation is explained by the greater 
salt concentration observed within the PBR in case of immersed dewatering, leading to a 
greater flocculation and sedimentation of the microalgae, which also binds to the extracellular 
carbohydrates. These carbohydrates are then removed from the sample during centrifugation, 
which reduces the quantity of observable carbohydrates. 
 
 
Figure 5.8 - Evolution of carbohydrates concentration inside the PBR throughout the growth 
of C. vulgaris during the 8 days of batch growth and the 7 days of continuous growth during 
both experiment conducted (External FO and Immersed FO). 
 
 
5.3.5. Wastewater Treatment Efficiency 
The first purpose of the osmotic membrane photobioreactor is the treatment of artificial 
sewage wastewater. Therefore, the removal of phosphate, ammonium, nitrate and nitrite by the 
microalgae was first investigated (Figure 9). The concentration of ammonium, nitrites, nitrates, 
and phosphates have been analyzed in the samples taken in the PBR during the whole duration 
of the experiment, including batch growth and continuous growth (15 days). The removal of 
nutrients was found relatively similar for both systems investigated. Concerning the 
phosphates, although the concentration increased during the first days with the external system, 
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the concentration rapidly drop for both systems to reach around 50 μM with the external FO 
system and 20 μM in case of immersed FO system. These values correspond to a removal of 
respectively 82 % and 93 %. Concerning the ammonium, the concentration dropped from the 
first day of growth in both cases, due to nitrification mechanisms induced by the microalgae. 
Furthermore, the concentration of ammonium stabilizes around 20 μM in both cases, 
corresponding to a removal of over 95 % of the initial ammonium. Ammonium is rapidly 
reduced into nitrites which are furthermore reduced into nitrates to be assimilated by the 
microalgae cells. Indeed, a sharp increase of nitrates is observed after the first day of 
experiment with the external system, dropping under 50 μM the next day. This sharp decline 
also correspond to an increase of nitrates concentration in the reactor. Although no pic of 
nitrites concentration is detected during the growth with the immersed system, it is likely that 
the reaction happened in between two samplings. The subsequent increase of nitrates is 
detected from the second day of growth in this case. Overall, the microalgae shows a great 
ability for treatment of phosphate and ammonium from sewage wastewater. Concerning the 
comparison between both external and immersed FO dewatering systems, nutrients are better 
removed with the immersed system due to the higher biomass concentration inside the reactor. 
However, this removal might not be sustainable due to the continuous increase of biomass 
concentration inside the reactor that will lead to a decline in growth due to light shortage. 
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Figure 5.9 - Concentration of ammonium, nitrites, nitrates, and phosphates in the samples 
taken from the PBR, during the growth of C. vulgaris prior and during (a) External FO 
dewatering, and (b) Immersed FO dewatering. For a comparison purpose, the concentration 
of ammonium, nitrates, nitrites and phosphates in the artificial wastewater used is also 
displayed (dash lines). 
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5.3.6. Draw Solution Analysis 
One of the main objective of the system studied is the possibility to produce drinkable 
water. The recovery of the draw solution was not studied in this work, however various 
recovery methods exists to re-concentrate (i.e. recycle) the draw solution and produce purified 
water [508]. Therefore, the quality of the diluted draw solution directly impacts the quality of 
the water produced. To assess the quality of the diluted draw solutions, we measured the 
concentration of the nutrients investigated during the wastewater treatment efficiency: 
phosphates; ammonia; nitrates; nitrites. Indeed, these compounds, possibly present in the feed 
solution during FO process, may permeate through the membrane and contaminate the draw 
solution.  
First, no nitrites were found during the analysis of the draw solution samples. Therefore, 
nitrite concentrations do not appear in Table 5.2 below. Phosphates have been found in the 
draw solution at very low concentrations and only at the early stage of the experiment. This 
reveals a good rejection of phosphates, ammonium, and nitrates by the FO membrane. 
Concerning ammonium and nitrates, these were found in slightly higher concentration in the 
draw solution, possibly due to a slightly higher permeability of the FO membrane for these 
ions. Comparing the external system with the immersed system reveals a lower concentration 
of ammonium and nitrates in the draw solution with the immersed system. This may be due to 
the thicker biofilm present onto the membrane surface with the immersed system, which further 
contributes to the removal of these nutrients as they permeate through. Overall, the nutrients 
content in the draw solution falls well below the limits considered for drinking water, which 
provides evidence of the good water quality with this process for both configurations. 
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Table 5.2 - Concentrations of phosphates, ammonium, and nitrates in the draw solution after 
FO filtration and comparison with drinking water limits from regulators. 
Compound Day 
Concentration (μg/l) 
Limits for drinking 
water (μg/l) External Immersed 
Phosphates 
1 0.27 0 
None 
2 0.12 
 
0.09 
3 0 0.33 
4 0 0 
5 0 0 
6 0 0 
7 0 0 
Ammonium 
1 5.48 4.16 
500 [509] 
2 21.52 2.14 
3 13.95 2.40 
4 33.67 4.38 
5 18.81 0 
6 7.57 0 
7 5.73 0 
Nitrates 
1 5.67 2.05 
50 000 [509] 
2 4.05 2.39 
3 3.57 1.67 
4 3.00 2.45 
5 2.24 2.23 
6 2.57 2.28 
7 2.62 2.14 
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5.4. Conclusions  
Two different methods of FO integration with sewage wastewater treatment have been 
investigated in this study. The removal of nutrients, as well as the total production of biomass 
have been found greater with the immersed system due to the higher growth of microalgae, 
therefore reaching a higher concentration inside the reactor. However, this regular increase of 
concentration will eventually lead to a decline of both factors when the biomass concentration 
will be too high for the light to penetrate the medium and efficiently supply energy to the 
culture. This issue can be solved by increasing the wastewater flow rate, and therefore 
decreasing the hydraulic retention time in the reactor. However, by doing so, the efficiency of 
nutrient removal will ultimately be reduced, as well as the amount of biomass harvested. 
Concerning the performances of the FO filtration, the external system is demonstrated to be 
more efficient due to both the higher permeate water flux, and the easier cleaning of the 
membrane by simple flushing. Overall, we recommend the use of an external FO dewatering 
system, which allows a greater flexibility and a more sustainable operation. 
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General Conclusion 
 
This study revealed key parameters related to fouling during the dewatering of 
microalgal biomass by forward osmosis, and gave a better understanding of the mechanisms 
involved. The impact of the draw solution has been shown and divalent cation-free solution 
have to be preferred for the reduction of fouling. Moreover, calcium-containing draw solutions 
have to be prohibited, as they drastically increases membrane fouling. This implied that 
seawater or brine may not be the best choice of draw solutions for the dewatering of microalgae 
biomass. Also, the choice of microalgae specie is also crucial in order to reduces fouling issues. 
Indeed, microalgae with a cell wall carbohydrate composition close to Chlorella vulgaris, 
without fructose and low amount of glucose, mannose and galactose have to be preferred.  
This study also gave insights for the integration of forward osmosis within the 
continuous treatment of wastewater by microalgae. Indeed, many parameters can affect the 
performances of both the filtration and water treatment performances. The main finding was 
that an external integration of forward osmosis is demonstrated to be more efficient due to both 
the higher permeate water flux, and the easier cleaning of the membrane by simple flushing. 
Overall, we recommend the use of an external FO dewatering system, which allows a greater 
flexibility and a more sustainable operation. 
In conclusion, forward osmosis can be successfully used for the pre-concentration of 
microalgal biomass. However, the choice of draw solution and microalgae specie is critical for 
the sustainability of the process. The performances and durability can be further improved 
through the improvement of forward osmosis membranes characteristics. Indeed, the 
concentration polarization phenomenon, as well as fouling, still holds the filtration 
performances back. These issues can be solved through further research on membrane 
fabrication/modification. Also, recent techniques, such as microfluidics, used for the separation 
of microalgae from their cultivation medium might compete with, if not outperform, forward 
osmosis. The future of forward osmosis for microalgae dewatering, but also for other 
applications, will mostly depend on the improvement of membranes performances.  
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Appendices 
 
Appendix 1: Composition of Modified BG11 Medium 
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Appendix 2: Calibration Curve - Determination of Biomass Concentration 
 
The following example explains the method that has been applied for the determination 
of microalgae concentration from the optical density measured at 435nm. This example has 
been conducted with S. obliquus. The accurate concentration of microalgae biomass was 
measure from the, filtration and subsequent drying of a known volume of biomass.  
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Appendix 3: Example of Determination of Pure Water Permeability 
 
The following figure gives the method of determination of the pure water permeability 
of the CTA-ES membrane. Using a dead-end filtration cell, pure water is pressurized using 
compressed air. 5 experiments are conducted using 5 different pressures. The permeate was 
collected and the volume measured. The time necessary to collect this permeate was also 
measured. The water flux was calculated using the following equation: 
𝐽𝑤 =  
𝑉
𝑆𝑚 ∙ 𝑡
 
where Jw is the permeate flux (m3/m2/s), V is the volume of the permeate (m3), Sm is the 
membrane surface (m2), and t is the time of the experiment (s). The water flux can also be 
calculated from the following equation:  
𝐽𝑤 =  𝐴 ∙ ∆𝑃 
where A is the pure water permeability (m.s-1.Pa-1), and ∆P is the hydraulic pressure applied 
across the membrane (Pa). Plotting the water flux as function of the hydraulic pressure 
difference and applying a linear regression gives the pure water permeability A as slope of the 
curve, as shown below. Using this method, for the CTA-ES membrane, the pure water 
coefficient of the membrane is determined to be 1.51 x10-12 m.s-1.Pa-1. 
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Appendix 4: Conceptual Illustration of Forward Osmosis (FO) Applied to 
Microalgae Dewatering 
 
 
 
 
 Conceptual illustration of microalgae dewatering by forward osmosis (FO) is depicted 
above. The orientation of membrane active layer facing algal biomass and support layer facing 
draw solution (DS) is applied in order to reduce membrane fouling propensity. DS (e.g., ocean 
water) with high osmotic pressure circulates on one side of the FO membrane, while the other 
side (the feed side) of the membrane is in contact with algal biomass suspension. It is the natural 
tendency for clean water to be “pumped” out of the algal suspension and pass into the DS due 
to the osmotic pressure difference across the membrane. All algal biomass are retained in the 
feed side due to the high retention nature of membrane. A concentration factor of 4-20 can be 
achieved, which will allow efficient algal biomass recovery in the following process. Back 
diffusion of solutes from DS to feed side also takes place. In this FO dewatering process, only 
a small amount of electricity is require for delivering DS and/or algal suspension (0.01 – 0.06 
kWh/m3). 
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Appendix 5: Example of Water Flux vs Concentration Factor Figures method and 
realization. 
 
This example was conducted with the CTA-ES membrane with the AL-FS orientation, 
sea salts (70 g/L) as draw solution, and S. obliquus biomass as feed solution. As the duration 
of each experiment varied, it was necessary to process the data in a meaningful way by plotting 
the water flux as function of the concentration factor instead of the time. This allowed a better 
comparison of the water flux data for each experiment. During each experiment, the water flux 
was recorded by mass difference on the draw side every 2 min (∆m). The volume of permeate 
was calculated using the following equation: 
𝑉𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒(𝑡) = ∑ ∆𝑚(𝑡)
𝑡
0   
where Vpermeate(t) is the volume of permeate at a precise time (L), and ∆m(t) is the mass 
difference between two weight measurements. The water flux is then displayed as function of 
the permeate volume as shown in the figure below. A polynomial regression is also fitted on 
the data obtained 
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The concentration is defined as:  𝐶𝐹 ==
𝑉𝐹𝑒𝑒𝑑(𝑖)
𝑉𝐹𝑒𝑒𝑑(𝑖)−𝑉𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
                     
which gives                       𝑉𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 = 𝑉𝐹𝑒𝑒𝑑(𝑖) −
𝑉𝐹𝑒𝑒𝑑(𝑖)
𝐶𝐹
  
 
where CF is the concentration factor , 𝑉𝐹𝑒𝑒𝑑(𝑖) is the initial volume of the feed solution (L), and 
𝑉𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 is the volume of permeate (L).  
  
 Then, the volume of permeate, noted “x” in the polynomial regression, is replaced by: 
(𝑉𝐹𝑒𝑒𝑑(𝑖) −
𝑉𝐹𝑒𝑒𝑑(𝑖)
𝐶𝐹
).  Finally, the water flux is calculated for concentration factors from 1 to 4 and 
shown in a figure as below. 
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Appendix 6: Example of Determination of the Structural parameter 
 
The following figure gives the method of determination of the selectivity coefficient of 
the CTA-ES membrane with NaCl as Draw solution. The crossflow FO filtration system 
presented on Figure 2.2 is used here for the determination of the structural parameter. The feed 
solution contains pure water whereas the draw solution contains NaCl. Four different NaCl 
concentrations are used for the determination of the structural parameter. Feed and Draw 
solutions are circulated at a velocity of 19.2 cm/s for 30 min. The NaCl concentration in the 
feed solution is measured at the end of the experiment and allowed to calculate the solute 
diffusion. The water flux is also measured by mass difference on the draw side. As the water 
flux can be defined as: 
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where, K is the resistance to solute diffusion (s/m), leff is the effective length (m), Deff is the 
effective diffusion coefficient (m2/s), τ is the tortuosity, l is the length (m), D is the diffusion 
coefficient (m2/s), ε is the porosity, and S is the structural parameter (m-1).  Arranging the above 
equations lead to the following equation: 
JwS
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ln  as a function of Jw allows the determination of the structural 
parameter, S, given as the regression coefficient of the linear fitting curve.  This is presented 
in the next figure. The same procedure is done with all membranes and solutes used in this 
study.  
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Appendix 7: Calibration curves: Conductivity vs Solute concentration 
The following calibration curves were made in order to calculate the concentration of the draw solutions and assess the reverse solute diffusion 
through the membrane, from the measurement of conductivity. For each draw solute, the calibration was divided into three ranges of concentrations 
in order to increase the accuracy of the calculation of solute concentration. 
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Appendix 8: Reproducibility Test 
 
 
 
 
Reproducibility tests on water flux (a) and biomass concentration (b), during the 
dewatering of Chlamydomonas reinhardtii biomass with MgCl2 as draw solution. The 
reference (black dash line) in (b) represents the theoretical biomass concentration in the feed 
tank according to the initial concentration and the concentration factor reached. 
